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Institute for Applied Microbiology
University of Tennessee

10515 Research Drive, Building # 1, Suite 300
Knoxville, Tennessee 37932-2567

N 615-675-9520

October 23, 1986
00 Dr. Eli D. Schmell ELECTE
(V) Program Manager, Molecular Biology NOV 4 NO8

Code 041M
- Office of Naval Research

800 North Quincy Street D
Arlington, VA 22217-5000.

Dear Eli,

Here is our annual report on the corrosion grant together with some
preprints and some illustrations you could make into overheads or slides if
you want to talk about corrosion. Bearnie told me that you might be
proposing a microbially facilitated corrosion initiative around Brenda
Little. Please let me help you as that would be wonderful.

We are very excited. It seems that next to us in our new laboratory on
the Pellissippi technology corridor is the Computer Technology and Imaging
Co. It turns out that they make the positron imaging apparatus for Siemans
that enables detection of labeled isotopes (made in their handy little
cyclotron) with very short half lives that are used in humans where they have
a resolution of 2 m. They are talking to us about microns-we may be able
to watch living microcolonies do their chemistry non-destructively! Behind us
in the enanticmorphic building is Pellissippi International, Inc., the newest
company of G. Sam Hurst who has a laser technique that increases IR
sensistivity by 5-orders of magnitude and has immediate access to the ORNL
scanning tunneling electron microscope and wants to do a biological project.
I fell into a gold mine! Our new lab is beautiful although it is currently
devoid of lab benches, sinks and hoods. Supposidly that will come with time.
You need to site visit us!

Good to see you and the gang at Belmont but I was sorry to miss Warren.
Give him my best. We may be able to do fantastic things with Mike
Silverman's adhesion mutants.

Sincerely,

David C. White M.D., Ph.D.
UTK/ORNL Distinguished Scientist
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PROGRESS REPORT, N@00]14-83-K-0056, MOLECULAR MECHANISMS OF MICROBIALLY
FACILITATED CORROSION

David C. White, Institute for Applied Microbiology, 10515 Research Drive,
Suite 300, Bldg. #1, Knoxville, TN 37932-2567 (phone 615-675-9520)

SUMMARY OF PROJECT GOALS:
1) To correlate corrosion to the specific activities of microbes,

consortia of microbes and their extracellular products to discover mechanisms
of microbially facilitated corrosion (MFC); 2) In terms of these mechanisms
of MFC to define conditions that increase or decrease corrosion; 3) To
increase the specificity and sensitivity of methods to define the comunity
structure, nutritional status and metabolic activities of MFC consortia by
gas chromatography/mass spectrometry (GC/MS) to correlate with Fourier
transform infrared spectroscopy (Fr/IR); 4) To measure effects of bulk media
composition, surface chemistry, and topology on the MFC potential of various
monocultures and biofilms; 5) To develop methods to measure corrosion on the
scale of microcolonies (microns); and 6) To quantitatively test
countermeasures on attachment and proliferation of corroding biofilms.

RECENT ACOMPLISHMENTS:
Published work from this grant include a review showing the

applicability of the phospholipid ester-linked fatty acid (PLFA) analysis to
defining the microbial community structure. Other lipid measures of
microbial community nutritional status based on the rates of formation of the
endogenous storage lipid poly beta-hydroxybutyrate (PHB) and the metaboilic
activity from rates of incorportion into lipids and DNA are detailed in the
analysis of toxicity assessment (1). The structural detail of the PLFA
analysis was greatly increased with the development of the dimethyldisulfide
adducts for GC and CG/MS (8). With this derivitization we were able to
demonstrate signature PtFA in two types of methane oxidizing bacteria (2) and
then to show that type II methanotrophs increase dramatically in sediments
exposed to natural gas. This consortia that develops with exposure to
natural gas and air rapidly degrades halogenated hydrocarbons (4). This work
which was a by- product of the corrosion research is the basis of in situ
rectification of contaminated ground water. We examined the mineral acid
secreting bacteria as MFC agents and were able to show an incredible array of
signature PTFA in the acid producing Thiobacilli (5). We were then able to
utilize these biomarkers to establish the role of these acid producing
Thiobacilli in the biodegredation of concrete (6). This work forms the basis
of a biotest system for the development of MFC resistant concrete (7). This
system is utilized extensively in West Germany and the PLFA analysis has
greatly increased the sensitivity. We continued our work with the sulfate-
reducing bacteria (SRB) and were able to define signature lipid biomarkers
for the fatty acid utilizing Desulfobacter type SRB's (3). With this marker
in hand We were able to establish that in most environments it is the
Desulfobacter not the Desulfovibrio that are the important SRBs. It was then
possible to provide these organisms and this insight to D. Pope who utilized
fluoro-antibodies to test the correlaton of corrosion with the biomass of E)
SRB's in many field samples and it is becomming increasingly apparent that El
the correlation is very poor. The presence of total microbial consortia
apparently gives much better correlations with MFC. Consequently we
demonstrated that consortia were more effective in MFC than monocultures. To
initiate studies of MFX consortia we incubated stainless steel coupons in a
B. Little type galvanic corrosion cell and showed that it was possible to set
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up a consortium of a facultative Vibrio and the anaerobe Desulfobacter that
was much more corrosive than either monoculture. Furthermore it was possible
to create the consortia in aerated sea water even though the Desulfobacter is
a strict anaerobe (see presentations A). We were able to establish that a
consortium can create anaerobic microniches in aerated systems that
facilitate MFC. With the signature biomarker techniques we have developed we
now hope to explore consortium structure and activity in much greater detail.
Work supported by this proposal enabled us to develop and test a method by
which the particulate composition of the bulk water can be examined. We
showed a hexane:isopropanol extraction of PLFA was quantitative and did not
disturb Nuclepore membranes (Guckert, Ph.D. thesis). This makes possible
studies of the effects of treatments on the recruitment of specific microbes
from the particulates or the pelagic bacterial suspension that can facilitate
MNC (for example where do the anaerobes come from in aerobic seawater). Out
work has shown the utility of the FT/IR in the nondestructive analysis of
biofilms (Presentations B). This combined with the PLFA methodology reviewed
in (1) means that the methods now exist to examine the microbial consortia at
the micron scale of the colonies. What is now necessary is the development
of methods for quantitatively demonstrating the spacial concordance of

corrosion and microbial consortial activities on the scale of microbes.

PLANS FOR NEXT YEAR:
Dowling is spending the fall with Dr. J. Guezennec at IFREMER in

Brest, France where he will be utilizing one of our B. Little type galvanic
cell chemostats in their extensive marine test systems. He will be teaching
them the signature biomarker GC/MS techniques and they will train him in the
use and and intrepretation of alternating current impedance cell monitoring
for biofilms and corrosion. D. Nivens is taking electrochemistry as part of
his Ph.D. program in analytical chenistry so we are bolstering our
understanding of how to measure corrosion in the presence of irregular
biofilms. The studies of B. Little make it clear that the use of the
standard polarization potentiometry which assumes a uniform surface is not
accurate in problems fo MFC. A new Ph.D. student, M. Franklin, is learning
the lipid techniques so he can combine his microbiological skills with
fastidious anaerobes with chemical probes.

Initially this year we plan to concentrate on Iron reducing and
oxidizing bacteria which we have isolated and characterized signature PLFA
from corroding well casings. There seems to be developing a whole system of
microbes based on iron that is somewhat less active than nitrate but of a
higher potential than sulfate. we feel we can use their unusual morphology
to study new mechanisms for MFC. We also plan to utilize the HPLC methods we
have developed for Archaebacterial lipids to study the role of these
organisms in MFC. We will also be developing measures for the microbes that
produce organic acids as metabolic end products. We plan to try and directly
measure the loss of metal from sputter coated coupons using the excellent SCM
and EDAX facilities at UTK. We are planning to be able to greatly increase
the sensitivity of the GC/MS analysis by using various funds to purchase an
EXTREL GC/CINIMS that will increase the sensitivity of the PLFA analysis by 5
orders of magnitude using the methods we developed in Sweden in 1985. We are
also planning to use part of the equipment budget from this grant to purchase
a good microscopic attachment for the FT/IR so we can examine microcolonies
nondestructively prior to the SCM-FDAX analysis. We are actively negotiating
to utilize the assay systems we have developed with an industrial corporation
to test chemical countermeasures on shifting the microbial community stucture
as it relates to MFC.
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DATA SYNOPSIS

(a) Publ(ications in reviewed literature:

1. White, D. C. 1986. Envirornental effects testing with quantitative
microbial analysis: Chenical signatures correlated with in situ
biofilm analysis by FT/IR. Toxicity Assessment 1: 315-338.

2. Nichols, P. D., G. A. Smith, C. P. Antworth, R. S. Hanson, and D. C.
White. 1985. Phospholipid and lipopolysaccharide normal and hydroxy

fatty acids as potential signatures for the methane-oxidizing bacteria.
F. E. M. S. Microbiol. Ecology 31: 327-335.

3. Dowling, N. J. E., F. Widdel, and D. C. White. 1986. Phospholipid
ester-linked fatty acid biomarkers of acetate-oxidizing sulfate reducers
and other sulfide forming bacteria. J. Gen. Microbiol. 132: 1815-
1825.

4. Nichols, P. D., J. M. Henson, C. P. Antworth, J. Parsons, J. T. Wilson
and D. C. White. 1986. Detection of a microbial consortium including
type II ethanotrophs by use of phospholipid fatty acids in an aerobic
halogenated hydrocarbon-degrading soil colunn enriched with natural
gas. Environ. Toxicol. Chem. 5: in press.

5. Kerger, B. D., P. D. Nichols, C. A. Antworth, W. Sand, E. Bock, J. C.
Cox, T. A. Langworthy, and D. C. White. 1986. Signature fatty acids in
the polar lipids of acid producing Thiobacilli: methoxy, cyclopropyl,
alpha-hydroxy-cyclopropyl and branched and normal monoenoic fatty acids.
F. E. M. S. Microbiol. Ecology 38: 67-77.

6. Kerger, B. D., P. D. Nichols, W. Sand, E. Bock, and D. C. White. 1986.
Association of acid producing Thiobacilli with degradation
concrete: analysis by "signature" fatty acids from the polar lipids
and lipopolysaccharide. J. Industrial Microbiol. 1: in press.

7. Sand, W., E. Bock, and D. C. White. 1986. Biotest system--for rapid
evaluation of concrete resistance to sulfur oxidizing bacteria.
Materials Performance 24: in press.

8. Nichols, P. D., J. B. Guckert, and D. C. White. 1986. Determination of
microbial monocultures and complex consortia by capillary GC-MS of
their dimethyl disulphide adducts. J. Microbiol. Methods 5: 49-55.

(b) Awarded UrK/ORNL Distinguished Scientist Position July, 1986
(c) Presentations:
A. Dowling, N. J. E., J. Guezennec, and D. C. White. 1986.

Facilitation of corrosion of stainless steel exposed to aerobic
seawater by microbial biofilms containing both facultative and
absolute anaerobes. In Microbial Problems in the Offshore Oil
Industry, Proceedings--of Conference, Aberdeen, Scotland.

B. White, D. C. 1986. Non-destructive biofilm analysis by Fourier
transform spectroscopy (FT/IR). Proceed. Fifth Int. Congress of
Microbial Ecology. Ljubljana, Yugoslavia, August 1986.

(d) Ph. D. Graduate Students supported:
Nicholas J. E. Dowling MsC., FSU Biology (white male, Scott)
David E. Nivens, BA. Chemistry UTK (white male, USA)
Michael J. Franklin, Microbiology UTK (white male, USA)
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Concrete exposed to sewage or industrial. waste in the presence of air and

inorganic reduced sulfur cciqpoinds often dogreaies rapidly. Sulfur oxidizing

bacteria of the genus 'rhiobacillus which generate sulfuric acid as end

product of their nmti-ol isin play anl iiiportant role in this process.

To evaluate the resistance of concrete to Lhe activity of these

microorgan isins, a specially designuNI hydrotieu sul fide chaiiber Containing

concrete test blocks was built. in this chaider, teiiperature, humidity,

hydrogen sulfide concentration and exposutre to aerosols of different

thiobacilli are controlled. Experiinunts in this chaniier show the rate of

concrete degradation is accelerated so that corrosion that required at least

5 years in sewer systems was reproducibly demNstil-;rated in 9 months. With

this system the rates of dIegradaition1 corrtslxnding to a weight loss of

betueen I and 10% were shown to correlate mojcst closely to densities of

between 10 6 to 10 8 cells/ n of the bact-erium TI'. thiooxidans

on the surface of the concrete test sp~cimuns. Specific polar lipid

camrponents in the IlYAWranes of the thioh~acilli can be utilized to nonitor the

numrber of these organi sms on the surfaces of corroding concrete.



INM[OUCTION

The utilization of the versatile and relatively inexpensive building material

concrete in certain environernts can le;i to severe corrosion problem. In

the presence of a reduced form of sulfur, oxygen, nitrogen, and a carbon

source that can he carbon dioxide, reduce sulfur oxidizing microorganisms

'. can generate sulfuric acid. In the presence of the sulfuric acid gypsum can

be created fron the calcium hydroxides and car-onates with often disastrous

wakening of the structure. This problcmn has ix en noted 1). iurily in

concrete sewer lines, particularly in warm and imKxlerate clinites 1-4

Parker in 1945 5 described a biological ly nudiatod corrosion minchanism

for the Melbourne, Australia, sewer syst-in. Microbially generated hydrogen

sulfide is transported to the walls of the sewer pipes and converted to

sulfur. This sulfur is oxidized to sulfuric acid by the irutabolism of the

thiobacilli. This theory has been confiriiud by ouir work 4,6-12 In the

course of study of sul furic acid attack on the sewer network of llaniurg (FRG)

4 an in-situ study of the thiobaciIli thatL we-e involved in the biocorrosion

process proved the to be Thiobaci llus int ertixd ins, 'r. novellus, T.

neopolitanus, and T. thiooxidans 6

To study the corros ion process tmndr cont rl l(d( condi tions a chanier was

constructed in which the ter)erature, humidity, hydr(jen sulfide

concentration, and exposure to aerosols of spcific mixtures of these

N thiobacilli was accurately controlled. In this chajidhr the corrosion was

reproducibly accelerated so that a j)r-e.s takinq nure than 5 years in the

As field could be cbservedt in 9 rm)nths. 'the test system thus becalu an

excellent vehicle to irnitor the reSiStance of dIifferent types of concrete as

well as to moni tor the effe-ts of col I rumixr s and sj c ies of t hio()aci IIi on"5- . rates of corrosion . Prel iminary vi lenri is also presented showinq the

13......................................,5q 
th
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long process of viable counting of cultured thiol)acilli isolated [ran the

concrete surfaces can he supplemented or replace] by quantitative

measurements of the "signature" coiiponents of pilar lipids of these

organisms.

EXPERIMEINTAL PROCEDURE

Controlled exposure chamber.

A stainless steel chamber was constructed in which 32 concrete specimens

60 cm x 11 cm x 7 cm (h x w x d) in size that were scored into 1.8 an squares

were placed on end with the base standing in 10 cm of water. The temperature

of the water was maintained at 30°0C with the p1 held at 7.0 by means of an

automatic titration unit. The air space above the water was maintained at 300C,

at 100% humidity, with 10 + 1 pp[n hydrojen sulfide as monitored by a4. -xiclysrydwt utrso
gas chromatograph 4. 'rie blocks were periodically sprayed with cultures of

thiobacilli that had been isolated from the sewer system. The pl at the

concrete surface was monitored by firmly attachedi pil strips on the concrete

specimens. The strips were replaced every 2 weeks. The test apparatus is

diagramied in Figure 1. The concrete test slpecimns and chamber are

illustrated in Figure 2.

Monitoring the corrosion

After a 3 month inoculation period each six-ciinen was saiqed every 90

days for 3 to 4 periods. The surface cutes were broken off the concrete test

samples, transferred to sterile bottles containing 50 ml of sterile washing

solution (see below), and incubated in flasks rotated at 200 RPM on a shaker

for 30 min. The resulting suspensions were usl [or dilution series, fran

which selective media (see below) for tlioacilli, bacterial heterotrophs,

and fungi were inoculated. The culttal evaluation took 4 weeks. The

weight loss of the cuxes was nonitored at the start and end of the

experiments. After shaking the cubies for 2 houirs in sterile washing solution

4



both the cubes and the dried washing solution were weighed. The loss of

weight equalled the weight of the dried corrosion products found in the

washing solution divided into the sum of the dried corrosion products and

dried cubes.

Monitoring bacterial 9_Ewtyh

The most prob3able nuni~er (MPN) technique was utilized to establish the

microbes involved with the corrosion. F-or K.interniedius and T. novellus

the inedium contained Na 2 S2 0 3-51 2 0, 5.0 g/1; CaCI-211 20, 0.13 g/l; Nil4 CL, 1.0 g/l;

MgS0 4-7H 20, 1.02 g/l; KH 2 1304 0.4 g/l; K 2111) 4, 0.6 g/l.; trace metal solution: (5

mi/I of EUFTA, 50 g/l; ZnSO 4-711 20, 2.2 g/l; CaCd2 , 5.5 g/l; mnC 2 -4lf 2 0, 5.06 g/l;

FeSO 4-6H 20 , 5.0 g/l; (N14)6 Mo 70 24, 1.1 g/l; CuSO4 -511 20, 1.57 g/l; CoCl2 -611201 1.61

g/l; in 1.0 1 distilled water), ferric-mI)A, 2 mng/l; biotin, 24.4 Ing/l; in 1.0 1

distilled water with a final pl- of 6.5. For T-. nepoitanus the medium

contained Na 2 S2O03-511 20, 10 g/l; So 4 -7112 0, 0.8 g/l; Nil 4Cl, 0.4 g/l; trace

metal solution, 10 ml/l; KH 2 P0 4, 4.0 g/I; K 211R)4 , 4.0 g/l; in 1.0 1 distilled

water. For T. thiooxidans the min-dium conitained Na 2 S2 03-511 20, 10. 0 g/l; K1 2 P04,

2.0 g/l; Cadl, 1.0 g/l; t4gSO 4-711 20, 0.2 9/]; (N14 ) 2SO 4, 0.1 g/]-; CaCl 2-211 20, 0.04 g/l;

FeC 3 -61120, 0.02 g/l; and MnSO4-112(), 0.015 g/l in 1.0 1 distilled water. The

washing solution was the T. neapolitantis me-dium without thiosulfate. The media were

sterilized for 30 min at 1100C2.

The cell counts were done on serial dilutions in steps of 1 to 10. Five

culture tubes with 2.5 ml of each inr-diurn were inoculated with 0.5 ml. of the

serial dilution steps and incubated on a rotary incubator at 30 0 C for

aeration. The tests were evaluated after 3 weeks of incubation. Tests for T.

neapolitanus and T. thiooxidans were considered positive if the pi1 of the

med ium was be low 4. 0 and] 2. 0 respect-i velIy. 11o d if ferent iate between T.

internedius/novellus and T. qeapol itanus whiich both qrow, on the T.
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intermedius medium, each test tube with turbidity and a pH below pH1 4.0 was

streaked on T. intermedius/novellus agar (salts plus 1.5% agar) and incubated

at 300C for 1 week. The test was considered positive for T.

intermedius/novellus if the colonies were transparent, and yellowish, and

negative if the colonies were opaque and white (T. neapolitanus).

Heterotrophic aerobic bacteria were scored after growth on agar plates

containing DEV-gelatin agar (Merck, FRG). Fungi were counted after growth on

Sabouraud-Maltose agar (Merck, FRG).

Analysis for signature lipids

Specimens of corroded concrete and monocultures of the thiobacilli were

extracted with a one phase chloroform-mthanol solvent and the lipids

fractionated on silicic acid colunins 14,15 rhe polar lipid fraction

recovered in methanol was subjected to mild alkaline invethanolysis and the

products partitioned against water. The water portion was analyzed for

14phosphate (total extractable phospholipid) 1 The lipid portion was

fractionated into the acyl fatty acid mithyl esters and hydroxy fatty acid

methyl esters by thin layer chromatography, the esters recovered and analyzed

by capillary gas liquid chranatography and with structural confirmation by

mass spectronetry 16

RESULTS AND DISCUSS[ON

Corrosion and surface p1 of concrete

Three types of concrete show diflferent responses to the corrosive

activities of the thiobacilli (Figure 3). All speciinens had an initial pH of

between 9 to 11. With a resistant Portland cenent shown In the upper panel

of Figure 3 the p11 decreased within 120 days to between 2.0 + 0.3 and

remained constant until the end of the experin vnt. The middle panel of Figure 3

shows a Portland cement of intermediate resistance. The initial pl renained

6



constant for 70 days, decreased to pil values betweeen 2 and 3 in the next 45

days and then remained at that pH until the end of the experiment. The lower

panel shows the response of blast furnace type cement with the poorest

resistance to the microbial corrosion. The pli decreased to pil 3 within 50

days and continued to fall to a ptl of 1.0.

Cell counts of thiobacilli and corrosion of concrete

The cell counts of the three major groups of thiobacilli show highest

levels in the most rapidly degrading concrete (lower panel, Figure 3).

Although the lowest levels of T. internedius/novellus appear to be associated

with the most resistant concrete (upper panel, Figure 3), the best

correlations between rates of degradation of the concrete and thiobacilli are

with the most powerful acid generating species T. thiooxidans. This is

illustrated in the data of Table 1.

The plate counts of heterotrophic aerobic bacteria and fungi were

independent of the concrete speciwen tested.

Potential of signature lipid analysis of thiobacilli

Assay of the thiobacilli fron the dilution tubes and culture plates

requires at least 4 weeks and cannot distinguish between T. intermedius and

T. novellus. Recently the use of chenical assays of the I ipid carlxxients of

microbial consortia has been shown to provide a quantitative measure of the

biomass and camunity structure without the necessity of isolation of the

organisms froin the growth substrate or culture of the organisms once they are

isolated 17. The early work of Shively 18,19 suggested that the lipids of

the thiobacilli were sufficiently unusual to serve as signatures of these

organisms. Work for our laboratory has shown that the thiobacilli polar

lipids contain ester-linked and amide-linked fatty acids with unusual

structures such as monoenoic 15, 16 and 17 carbon fatty acids with

unsaturations at 5, 6, 7, 8, and 9 carbxns frn the imthyl end of the

7



moleules20
molecules Most organisms have the unsaturation at a single position

usually at the 7 or 9 position fran the methyl end. These organisms also

contain unusually large proportions of cyclopropane fatty acids with the

three membered ring between 7 and 8 in the 17 carbon and between 8 and 9 in

the 19 carbon atcm fatty acids. These lipids also contain unusual 2 hydroxyl

monounsaturated, 10 and 11 methyl branched, 2 hydroxyl cyclopropane, 10

through 13 methoxy saturated, 10 and 13 hydroxy saturated fatty acids. These

fatty acids occur in proportions that enable the individual species to be

differentiated fran each other 20 The unusual polar lipid fatty acids and

the bound fatty acids fran the lipopolysaccharide enable the acid producing

thiobacilli to be identified in sanples fran the test specimens and corroded

concrete sewer sampies from the field 21

CONCLUS IONS

It has proved possible to correlate in sewer pipes, in the

field, and on concrete specimens in a strictly controlled hydrogen sulfide
12

test chamber that the degree of concrete degradation directly correlates

with the numbers of Thiobacillus thiooxidans. These organisms depress the pH

of the surface of the concrete to values between 1 and 3 by their excretion of

sulfuric acid. The developnent of a biochanical assay for the thidbacilli

allows greater insight into the relationship between metabolic activity of

the organisms and the degradation of concrete. The development of this test

chamber which provides reproducible exposures to the biodegradative activity

of the Thiobacilli in reasonable timespans has led to a biotest facility for

this most versatile building material.
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Table 1 Relationship between biodegradation of concrete and nurrber of

Thiobacillus thicoxidans.

Corrosion Grade LOSS of weight Nimrber of T. thiooxidans N~iber

% of Total Logarithm cells/cm 2  Analyzed

Negligible 0.7 + 0.5 6.8 + 0.6 3

Medium 2.3 +1.7 7.1 +0.7 6

Great 5.8 + 2.9 7.7 + 0.5 5

------ -- - -- -- -- -- - -- -- -- - -- -- -- -- - -- -- -- -- - ---11- -



FIGURE LEGE NDS

Figure 1. Diagram of the constant temperature, humidity, and hydrogen

sulfide "Biotest" chamber.

Figure 2. Photograph of the "Biotest" chamber showing the concrete

sanples in place with the surface p|{ test strips.

Figure 3. Profile of the pH X) and logarithms of the cell nunbers of T.

intermedius/novellus (1), T. neapolitanus (2), and T. thiooxidans (3)

measured after 270 days in the test chamber. Upper panel: resistant Portland

cement; middle panel: intermediate resistant Portland cement; and lower

panel: blast-furnace cement of poorest resistance.
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OBJECTIVES
"Signatures of Microbial Groups"

1. Ferm enters.
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CH 2 -_0CH=CH-R HO-CH-CH2 .wR
OH-U-C-P H -NH-O'-R
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-2. Sulfate Reducers. H2 1 C02-> H2 S

Polar ester-linked fatty acids: Br15:0, i16:0,
il*7:lw8c, and 10 Methyl 16:0.
Hydroxy Fatty Acids from the LPS.

Methanogens. H2 + CO02-* CH4
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Table I

A. ESTER-LINKED FATTY ACID COMPOSITION IN TIlE POLAR LIPIDS OF THIOBACILLI

NONHYDROXY FATTY ACIDS

Thiobacillus Species

T. intermedius T. neapolitanus T. thiooxidans CHAMBER SEWER

Fatty Acid mole percent of FAME

15:0 ---- 3.79 1.36 6.84
16:lw7c + t 0.87 15.1 9.19 3.25 8.54
16:b 15.0 28.5 36.1 15.8 23.5
cyl7:Ow(7,8) 9.46 1.20 5.56 10.8 2.43
17:0 2.64 4.61 <0.3 2.46 14.5
18 :1w7c + t 6.63 37.2 39.5 18.8 15.9

18:lw5C 0.95 0.93 <0.3 <1.0 <1.0
10 + llMel8:lw6 5.97 0.41 0.70 <1.0 <1.0

cyl9:0(w8,9) 25.6 1.52 4.24 32.8 14.7
cy20:0 11.6 0.34 1.35 (1.0 <1.0

-- A4IDE AND ESTER-LINKLVHYDROXY ATTY ACIDS _

OH Fatty Acid mole percent of OHFAME

2,h3-OH14:0 0.59 5.95 5.74 * 11.8 * 21.5 *

20H-cy16:0 6.44 28.2 5.99 10.7

2,k3-0H16:0 53.6 * 10.9 * 25.0 * 16.5 * 11.1 *

2( -3-OH17:0 1.28 3.32 2.92 0.96 1.73
20H-cy18:0 11.0 38.0 1.61 3.70 1.11
2, 30H-18:0 5.27 5.72 * 22.6 10.3 15.2

20H-cyl9:O 15.3 8.02 42.2 27.3 6.69

F
2 OHFAME/FAME 12.3 1.5 15.3 33.1 42.4

* Indicates found primarily in the polar aminolipid

B. HYDROXY FATTY ACID COMPOSITION OF TUE LIPOPOLYSACCHARIDE OF EXTRACTED THIOBACILLI

OH Fatty Acid mole percent of OHFAME

2J.3-OH12:0 39.1 57.1 1.41 19.5 14.5

2 30H-13:0 1.98 8.94 4.37 <1.0 <1.0
2,,30H-14:0 6.48 5.81 20.6 26.4 21.4
2 ' 30H-15:0 (1.0 8.57 4.31 5.48 7.27
2, 3011-16:0 44.2 7.93 32.6 13.3 11.6

2,0 30H-17:0 <1.0 <1.0 <1.0 1.28 2.82
2, 301-18:0 8.27 4.15 9.18 5.67 11.1
2, 30H-19:0 <1.0 3.41 9.82 9.62 5.42

Values in Table I represent average values of duplicate .nalyses.

F. I



SUMMARY

The acid-producing thiobacilli contain fatty acid components in the

polar lipids and lipolysaccharide lipid A that are sufficiently unusual that

they can be utilized as "signature" lipid biomarkers for these organisms in

environmental samples. Studies in microcosms have shown correlations between

activity of these organisms measured by recovery and viable counting and the

degradation of concrete. The "signature" lipid analysis provides a detection

assay requiring neither separation of the organisms from the substratum nor

growth prior to determination. The presence of acid producing thiobacilli

was demonstrated in microcosm samples anti degenerating concrete from the

Hamburg (FRG) sewer system.

Key words: Concrete(b odegradation, Signature(iipids, Fatty (1ids,

(hiobacilli, Acid Iroducing bacteria, Ilydroxy-cyclopropyl fatty acids,

Hethoxy fatty acids)
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INTRODUCTION

The acid-producing, aerobic, gram-negative thiobacilli have been

shown to produce a diverse complement of fatty acids in the

chloroform:methanol extractable phospholipids [41. The combination of o-

methoxy, mid-chain hydroxy, 2-hydroxy cyclopropane, midchain-branched,

branched-cyclopropane, monounsaturated at tile omega (w) 5, 6, 7, 8, 9, 10

positions, 2- and 3- hydroxy, and large proportions of the "thiobacillic"

cyclopropane 19:0 w(8,9) fatty acids are found in the polar lipids of

these organisms. These polar lipid fatty acids (PLFA) are sufficiently unique

among the microbes that they can serve as effective "signatures" for these

organisms. 4

Failure of concrete sewers has been associated with acid-producing

microorganisms that utilize reduced sulfur and oxygen with the generation of

sulfuric acid 19, 14, 17, 19). To study tile resistance of different

concrete samples to the effects of the thiobacilli, Sand and Bock constructed

a chamber in which the temperature, humidity, and hydrogen sulfide

concentration could be regulated 116, 171 and were able to greatly accelerate

the biodegradation. In the field and in the artificial chamber the most

rapid biodegradation was associated with tile growth of Thiobacillus

thiooxidans [9, 16). The detection of the thiobacilli in these studies

involves the isolation and culture on several media. This can require six to

eight weeks. The present study will show that the presence of the acid

producing thiobacilli can be detected in samples from tile Hamburg sewer and /

from the biotest chamber utilizing tile "signature" biomarkers from the

extractable PLFA, and the lipopolysaccharide lipid A (1,PS).1 Signature lipid

biomarkers been utilized to detect type I and II methanotrophic

bacteria 111, 131, Desulfobacter and Desultovibrio sulfate-reducing bacteria

3%



[1, 21, the pathogenic bacterium Francisella tularensis 1101, and the

archaebacterial methanogenic archaebacteria [7, 8).

MATERIALS AND METHODS

Materials

Solvents and reagents were the best grade available commercially.

Standards and derivatizing agents were purchased from Supelco, Inc.

(Bellefonte, PA), Applied Science (State College, PA), Aldrich, Inc.

(Milwaukee, WI), Sigma Chemical Co. (St. Louis, MO), and Pierce Chemical Co.

(Rockford, IL).

Samples

Thiobacillus thiooxidans strain K-2, T. neapolitanus strain B-2, and

T. intermedius strain D-14 were grown and recovered in the late stationary

phase by centrifugation as described previously 14, 161. Concrete samples

from the sewer or biotest chamber were lyophilized and then pulverized to

chunks smaller than 1 cm3

Extraction

The modified one-phase Bligh and Dyer extraction was utilized for all

samples [22]. Duplicate samples were extracted separately and all data is

expressed as the mean of two determinations. After overnight separation

of the lipid and aqueous phases in the second stage of the extraction, the

organic fraction was filtered through fluted Whatman 2V filters and

evaporated to dryness under a stream of nitrogen. To recover the polar

lipids, silicic acid columns were prepared using I g Unisil (100-200 mesh),

(Clarkson Chemical Co., Inc, Williamsport, PA) activated at 1200C for 60 min

and pre-extracted with chloroform. The columns were 14-mm diameter glass

columns. Total lipid was applied to the top of the columns in a minimal

volume of chloroform. Sequential washes of 10 ml of chloroform, acetone, and

4
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methanol eluted the neutral, glyco-, and polar lipids respectively. The

polar lipid fraction was dried under a stream of nitrogen. The mild alkaline

methanolysis procedure 1221 was utilized to prepare methyl esters of the

ester-linked PLFA.

Lipopolysaccharide analysis

The residue from the lipid extraction of the cells was refluxed in 3 N

HCI for 4 hours and the lipid fraction recovered in chloroform [15]. The

concrete samples were refluxed in 5% (w/v) KOIH in methanol:water (8:2) for 4

hours, allowed to cool, the hydrolysate separated fromxe cret -

repeated washes with water and chloroform which was n utralized with HCI to

pH 6.0. The solution was partitioned against chloroform and the lipid soluble

hydrolysate recovered.

Purification of the lipids

Thin layer chromatography (TLC) on Wiqatman K-6 silica gel, 0.250 mm thick

was utilized for purificationA, The methyl esters from the polar lipid

fraction were applied in a strip to the origin of the TLC plate that had

previously been divided into a large mid plate channel with two narrow

channels on the edges. Authentic fatty acid methyl esters (FAME) and hydroxy

fatty acid methyl esters (OHFAME) were applied to the outside channels and

the plate placed in a tank for separation by ascending chromatography in a

solvent of chloroform: methanol: water (55: 35: 6, v/v/v). The silica gel

bands corresponding to the FAME and OIFAME (Rf >0.8) were lifted from the

plate with vacuum in a Pasteur pipette and the fatty acids recovered with

chloroform: methanol (2:1, v/v). The position of the aminolipids was

identified by spraying a portion of the plate with 0.25% w/v ninhydrin in

acetone: lutidine (9: I, v/v) 141. The bands on the unsprayed portion of

the plate were recovered in a Past euir c6Iu-utv--ard e I u ted wi th ctl loroform:

methanol (1: 1) and (2: 1, v/v).

a . , - .. " .-, l q - • % . . "



The FAME and OltFAME were separated using ascending chromatography with

hexane: diethyl ether (1: 1, v/v). The FAME band (Rf 0.65) and OHFAME band

(Rf 0.25) were recovered and eluted with chloroform and chloroform: methanol

(1: t, v/v).

The aminolipids recovered from the TLC plates were subjected to acid

methanolysis in anhydrous methanol: concentrated HCl: chloroform (10: 1: 1,

v/v/v) after heating at 1000 C for I h. The OHFAME were recovered in

ch oro form.

Derivatizations

Trimethylsilyl ethers of OHFAME were formed with N, 0,-bis-

(trimethylsilyl)-trifluoroacetamide (BSFTA) (Pierce Chemical Co., Rockford,

IL) 1151.

The position and geometry of the monounsaturation in the FAME and OHFAME

was determined using two procedures. Dimethyl disulfide (DMDS) adducts were

prepared as described 1121. These derivatives increase the resolution

between cis and trans geometrical isomers in capillary gas-liquid

chromatography (GC). The position of the cyclopropane ring in the FAME can

be determined after hydrogenation in the presence of Adam's catalyst of PtO 2

with the esters dissolved in methanol:glacial acetic acid, (1: 1, v/v) under

a hydrogen atmosphere (140 kPa) at room temperature with mechanical agitation

for 20-40 h in a Parr hydrogenation apparatus (Moline, 1L) [4).-These

-..derivatives give fragmentation patterns at branch points on either side of

the original cyclopropane ring. Similar treatment of the 2-OHcy FAME did

not yield fragments allowing determination of the branch points.

Gas chromatography (GC)

Dry FAME or OIIFAME were dissolved in hexane and the internal standard of

methyl nonadecanoate added. Samples of l.O ul were injected onto a 50-m
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nonpolar, cross-linked methyl silicone fused silica capillary column (0.2-mm

i.d., Hewlett Packard) in a Varian 3700 GC. A 30-s splitless injection with

the injection temperature at 250 0 C was used. Ilydrogen at a linear velocity

of 35 cm/s was the carrier gas with a temperature program starting with an

initial temperature of 800 C. The initial 20°C/min rise for 3 min followed by

a 40 C/min rise for 30 min and an isothermal period for the remainder of the

40-min program was utililzed. Detection was by hydrogen flame (F. 1. D.)

using a 30 ml/min nitrogen make up gas at a temperature of 2900 C. An equal

detector response was assumed for all components. Peak areas were quantified

with a programmable laboratory data system (Hewlett Packard 3350 series)

operated in an internal standard program relative to known amounts of

internal standard.

Gas chromatography/mass spectrometry (GC!MS)

FAME and OHFAME were tentatively identified by co-elution with

authentic standards supplied by Supelco, Inc. (Bellefonte, PA) and Applied

Science Labs., Inc. (State College. PA) or previously identified laboratory

standards. The analysis was performed on a Hewlett Packard 5996A GC/MS with

a direct capillary inlet utilizing the same chromatographic system except for

the temperature program which was begun at lO0C and increased to 2800 C at 40.

C/mmn for a total analysis time of 60 min. The electron multiplier voltage

was between 1400 and 1600 V, the transfer line maintained at 3000 C, the source

and analyzer maintained at 2500 C, and the GC/MS was autotuned with DFTPP

(decafluorotriphenylphosphine) at m/z 502 with an ionization energy of 70 eV.

The data was acquired and manipulated using the Hewlett Packard RTE 6/VM data

system. Other conditions were as described previously J41.

Fatty acid nomenclature

Fatty acids are designated as total number of carbon atoms: number of

double bonds with the position of the double bond nearest to the aliphatic

7



(w) end of the molecule indicated. This is followed by the suffix c for cis

and t for trans configuration of monoenoic fatty acids. The prefixes i, a,

or br indicate iso, anteiso, or branched (position undetermined). Mid chain

branching is indicated by the number of carbon atoms from the carboxyl (A)

end of the molecule and Me for the methyl group. Cyclopropane rings are

indicated with the prefix cy and the position of the ring from the aliphatic

(w) end of the molecule. lHydroxy fatty acids are indicated by the number of

carbon atoms from the carboxyl end of the molecule followed by the prefix OH.

Methoxy fatty acids are given with the number of carbon atoms from the

carboxyl end of the molecule followed by the prefix MeO.



RESULTS

Detection of thiobacilli

The proportions of ester-linked FAME and both ester- and amide-linked

OHFAHE in the polar lipids in the thiobacilli isolated from corroding

concrete, as test concrete blocks exposed in a biotest chamber to thiobacilli,

and a sample from a corroding concrete sewer pipe, are listed in Table l,A.

The OHFAME from the LPS-lipid A of the lipid extracted residue of the

isolated monocultures and the test and environmental samples are given in

Table 1, B. The similarity in the patterns of proportions of FAME and OHFAME

from the monocultures, biotest samples, and corroded sewer sample indicate

that the acid producing thiobacilli are a prominent part of the microflora in

both the biotest and sewer samples. The low proportions of the usual

bacterial PLFA such as 16:0, ' .' C , the elevated proportions of cyll:0w(7, 8)

and especially the "thiobacillic" acid cyl9:Ow(7,8) in the extractable polar lipid

FAME, the 2 3-OH16:0 in the ornithine-lipid, and the high proportion of OHFAE'.,"

in the PLFA as well as the high proportion of 2, A3-OH16:0 in the LPS lipid A

are typical of the acid producing thiobacilli. Ilydroxy cyclopropane fatty

acids found in both the extractable polar lipids and the LPS lipid A are typical

of the acid producing thiobacilliC ].

Detection of T. thiooxidans

The elevated proportions of -01114:0, 2-01116:0, and particularly I-

OHcyl9:0, the high OHFAME/FAME ratio in the extractable polar lipids of the

biotest chamber and environmental samples together with the high proportions of

3-01114:0 and 2, 3-01119:0 suggest that T. thiooxidans is a predominant member

of the microbial consortia in the environmpntal samples. The higher proportions

of 3-01112:0 in both the biotest sample and the environmental samples and

T. intermedius and T. neapolitanns than in th, T. tHiooxidans

monoculture indicate that the other thiobacilli are also part of the community.

9



DISCUSSION

Signature PLFA

It has been possible to utilize the signature lipid biomarker technique

to detect specific microorganisms in complex environmental samples. Methane

oxidizing auxotrophs contain PLFA that are sufficiently unusual that they can

be utilized as biomarkers 1111. Exposure of columns of sub-surface soil to

natural gas results in a great increase in the specific PLFA of type II

methylotrophs [13). The methanogenic archaebacteria contain bi- and

bidiphytanyl glycerol ether polar lipids which can be assayed in

environmental samples and correlated with methanogenic activity in soils and

sediments [7, 8]. The pathogenic bacteria Francisella tularensis and the

sulfate-reducing bacterial groups of lactate-utilizing Desulfovibrio and

acetate-utilizing.Desulfobacter have been shown to contain sufficiently

unusual patterns of PLFA to allow their assessment in mixed microbial

assemblies [1, 2, 101. The int4ble diversity of unusual PLFA in the acid

producing thiobacilli allows their detection in environmental samples (Table

1). QWith samples to allow replication the species differences detected in

monocultures [4, Table 1) can give insight into the community structure of

these organisms as well as into the other physiological groups of organisms

present [6, 9~ Patterns of PLFA, define the community structure of microbial

consortia have been utilized to show'detrital succession, the effects disturbance

or predation vr marine sediments, the response to subsurface aquifer pollution,

in environmental effects testing, and Y the effects of shifts in the

microbiota biofouling succession and facilitation of corrosion [18, 19-211.

Metabolic status (
Many bacteria accumulate cycj6propane fatty acids as the community ages

or undergoes nutritional stress.4 Their formation with the concomitant

decrease in monoenoic PLFA occurs in moiiocultures that undergo metabolic

10



stress such as stationary phase growth 13, 51. This same phenomenon has

been detected in the benthic marine microbiota 13, 211 as well as the acid

producing thiobacilli 141. The acid producing thiobacilli from the

chamber samples or from the degenerating concrete sewers both show the high

levels of cyclopropane/Aand low levels of monoenoic PLFA characteriaftic of

late stationary growth phase.

Role of acid producing thiobacilli in biodegradations

The correlation between the degree of biodeterioration of concrete and the

activity of acid producing thiobacilli has been shown using classical

recovery and culture techniques 19, 16, 171. The studies reported in this

paper indicate that the PLFA patterns are sufficiently unique to define the

presence of the acid producing thiobacilli and possibly define the particular

species that are present without the uncertainties and time delays of

cultural methods. In addition the PLFA offer insight into the community

structure and metabolic status of the total mi.robial community associated

with the biodegradations of materials that involve these organisms.

Preliminary evidence from both corroding sewer systems and from a continuous

culture apparatus designed to test the resistance of concrete samples to the

corrosive activities of acid producing bacteria shows that the degree of

biodegradation appears to correlate with the presence of "signature" PLFA of

the acid producing thiobacilli, particularly T. thiooxidans [9, 16, 17). The

methodology described herein will allow examination of an entire microbial

ecosystem so the interactions between the acid producing thiobacilli and the

other organisms that potentiate their corrosive activities can be defined

161.
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ABSTRACT

The phospholipid ester-linked normal and lipopolysaccharide hydroxy

fatty acids from' microbes in a halogenated hydrocarbon-degrading (111D) soil

column have been analyzed in detail with capillary gas chromatography-mass

spectrometry (CC-KS). An increase in microbial biomass was observed when

the HHD column was compared to a control azide-inhibited column and to

uncontaminated surface soil. Biomass estimates for the upper 10 cm of the

HHD column averaged 5.6 x 109 cells/g (dry weight) of sediment based on

phospholipid fatty acids (PLFA). Microbial community structure information

was obtained following GC-MS analysis of derivatized monounsaturated PLFA.

The major component (16-28% of the PLFA) detected in the HlD soil column

was 18:lAlOc. This relatively novel fatty acid has been previously reported

as a major component in methanotrophs and its presence in the soil is

consistent with a large contribution of this microbial metabolic group to

the column flora. The high relative proportions of C18 components relative

to C16 fatty acids indicates that type II rather than type I methanotrophs

are the most abundant microbial flora present. Other microbial groups

recognized in the H11D soil column, in decreasing order of abundance, were

Actinomycetes, the sulphate-reducing bacteria Desulfovibrio spp., and

microeukaryotes. Differences between the relative proportions of these

metabolic groups of microorganisms have been quantified and contrasted

between the soils analyzed. Based on these differences, the potential

exists to use these methods for monitoring shifts in microbial biomass and

community structure in aquifers in which similar indigenous bacteria are

stimulated to biotransform pollutant substrateq.

S -.- ~ b.~j* V- %
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INTRODUCTION

Bacteria capable of growth with methane as the sole carbon and energy

source are known as methanotrophs (1, 17). The physiology and ecology of

methanotrophic bacteria are described in recent reviews (1, 6, 16, 17, 18,

20, 29, 34). Methane monooxygenase (MMO) is used by these bacteria to

oxidize methane to methanol (1, 16, 17). M10 is also capable of producing

primary or secondary alcohols upon oxidation of alkanes up to octane (7,

30) and, in addition, can oxidize halogenated one-carbon compounds (7).

Halogenated one- and two-carbon compounds are commonly detected in contami-

nated subsurface environments and ground water (30). Wilson and Wilson

(42) used natural gas to enrich a population of bacteria in soil capable of

* degrading trichloroethylene (TCE). TCE was degraded to carbon dioxide in

the presence of natural gas (77% methane, 10% ethane, 7% propane, remainder

contained 4 to 7 hydrocarbons; 42). It appears, therefore, that methano-

trophic bacteria may be useful in the removal of halogenated one- or

two-carbon compounds from contaminated environments (unpublished data). An

estimate of their biomass in natural systems would thus be useful in

* optimizing conditions for their growth and activity. Prior to this study,

methods for the direct measurements of methanotrophic bacteria in micro-

cosms or field samples did not exist.

Methanotrophic bacteria are grouped into two divisions, types I and

II, based on differences in intracytoplasmic membrane organization and

carbon metabolism (1, 17). Analysis of cellular fatty acid profiles has

become a standard tool In chemotaxonomy (14). Type I methanotrophic

bacteria contain esterified fatty acids, predominantly 16 carbons in

length, with saturated (16:0) and monounsaturated (16:1) fatty acids

present (22, 34). Type II methanotrophic bacteria have monounsaturated
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18-carbon chain-length (18:1) fatty acids as the predominant PLFA (22, 34).

Fatty acids are used as biomarkers or signature lipids in microbial ecology

and often provide valuable information on the structure of the microbial

community (38). If membrane fatty acids are to be used as biomarkers by

taxonomists, ecologists, and geochemists, precise determination of double-

bond positions and geometry will be essential for correct interpretation of

increasingly complex data sets. A number of relatively simple and rapid

procedures have recently been reported that allow such determinations to be

routinely performed (eg. 8). The difference in carbon chain length and,

more importantly, position and geometry of unsaturation (22, 24) suggest

that the results of analysis of extractable phospholipid fatty acids (PLFA)

from an ecosystem would indicate the presence or absence of methanotrophic

bacteria. Similarly, PLFA profiles may be useful for characterizing other

microbial groups, capable of degrading short-chain hydrocarbon, present in

soils.

The phospholipid ester-linked and lipopolysaccharide(LPS) normal and

" hydroxy fatty acid profiles of sediment from a manipulated halogenated

hydrocarbon-degrading (IID) soil column are reported here. The overall aim

of this study is to identify specific lipid components that can be used to

monitor for methanotrophic bacteria. These lipid blomarkers can be used

for interpretation not only of the manipulated laboratory microcosms

analyzed here but also of samples taken from field experiments.

1%S~%
A.5
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MATERIALS AND METHODS

Soil and column description

The column was essentially as previously described (40, 42). Tile soil

sampled was taken from Lincoln fine sand (a mixed, thermic typic

Ustifluvent) at a site near Ada, OK. The soil was collected in 10-cm

increments, returned rapidly to the laboratory, and packed into glass

columns 5 cm I.D. x 150 cm before it could lose significant moisture. Each

10-cm increment was packed in the same relative position it occupied in the

original soil profile. The average bulk density of the columns was 1.65

3g/cm . The saturated hydrolic consistency ranged from 120 to 190 cm/day.

The columns received 21 cm 3/day of tap water from Ada, Ok., amended with

the suite of organic compounds decribed below. One column (A) was exposed

to a headspace of 0.6% natural gas in air and received the following

halogenated hydrocarbons, concentrations in jig/l: carbon tetrachloride,

1100; chloroform, 210; dichloromethane, 270; tetrachloroethylene, 700; tri-

chloroethylene, 1000; cis- and trans-l,2-dichloroethylene, 170, 190;

1,1,1-trichloroethane, 210; 1,1,2-trichloroethane, 290; l,l-dichloroethane,

240; 1,2-dichloroethane, 280; and 1,2-dibromoethane (ethylene dibromide),

370. Only trichloroethylene was studied in a previous report on the soil

column exposed to methane (42). Complete results of the degradation of

these compounds will be reported separately (J. M. Henson, J. W. Cochran,

and J. T. Wilson, manuscript submitted). Approximately 50% or less of

carbon tetrachloride. tetrachloroethylene, l.l,l-trichloroethane, and

1,1,2-trichloroethane were microbiaily transformed, and greater than 75% of

each of the other compounds were similarly transformed. The second column

(B) was inhibited by addition of 0.1% soditim azlde to the water. The
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poisoned column was not exposed to natural gas. After three months of

operation at 24-29°C, the columns were unpacked, and increments were

lyophilized prior to lipid extraction. Control samples (0-10 cm and

148-150 cm) were acquired at a later date (in early summer rather than late

fall) from the same site and were lyophilized as above. For samples from

both depths, pH ranged from 6.6 to 6.1, cation exchange capacity from 4.8

to 2.3 meq/100 gms, sand from 95 to 89Z, silt from 8.8 to 4.0%, and clay

from 3.5 to 1.5%. Organic carbon contents of the 0-10 cm and 140-150 cm

were 0.20 to 0.22% and 0.02% respectively.

Lipid extraction and fractionation

Soil samples were placed in a 250-ml separatory funnel, and the lipids

were quantitatively extracted with the modified one-phase chloroform

methanol Bligh and Dyer extraction (39). After separation of phases, the

lipids were recovered in the chloroform layer, the solvents removed in
0

vacuo, and the lipids stored under nitrogen at -20 C. Duplicate extrac-

tions of each sediment sample were performed.

The lipid was transferred in a minimum volume of chloroform to a

silicic acid column (Unisil, 100-200 mesh, Clarkson Chemical Co., Inc.,

Williamsport, PA) and fractionated into neutral lipids, glycolipids, and

phospholipids by elution with chloroform, acetone, and methanol respec-

tively (11, 15). The fractions were collected in test tubes fitted with

Teflon-lined, screw-cap lids and dried under a stream of nitrogen. The

mild alkaline methanolysis procedure (39) was applied to the phospholipid

fraction. The technique was modified slightly in that hexane:chloroform

(4:1, v:v), rather than chloroform, was used to extract the resulting fatty

acid methyl esters (FAME). LPS normal and hydroxy fatty acids were recovered

by acidification of the sediment residue in 50 ml of IN IICI. After being

T
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refluxed at 100*C for 3 h and cooled, the contents were transferred to a

separatory funnel with washes of 25 ml and 2 x 5 ml of chloroform. The two

phases were allowed to separate overnight, the chloroform phase recovered,

and the solvent removed under a stream of nitrogen. The LPS fatty acids

were then methylated and converted to their corresponding trimethylsilyl

(TMSI) ethers with N,O-bis-(trimethylsilyl) trifluoroacetamide (Pierce

Chemical Co., Rockford, IL) (24).

Gas chromatography

FAME samples were taken up in hexane with methylnonadecanoate (19:0)

as the internal injection standard. Separation of individual normal and

hydroxy fatty acids was performed by high resolution gas chromatography

using a Hewlett Packard 5880A gas chromatograph equipped with a flame

ionization detector. Samples were injected at 50°C in the splitless mode

with a Hewlett Packard 7672 automatic sampler onto a non-polar cross-linked

methyl silicone capillary column (50 m x 0.2 mm i.d., Hewlett Packard).

The oven was temperature programmed from 50 to 160°C at 10°C per minute,

then at 2°C per minute to 300°C. Hydrogen was used as the carrier gas (I

ml/minute). The injector and detector were maintained at 300*C.

Tentative peak identification, prior to CC-MS analysis, was based on

comparison of retention times with those obtained for standards from

Supelco Inc. (Bellefonte, PA) and Applied Science Laboratories Inc. (State

College, PA) and previously identified laboratory standards. Peak areas

were quantified with a Hewlett Packard 3350 series programmable laboratory

data system operated in an internal standard program. Fatty acid composi-

tional data reported for these samples are the means of two analyses each.

Standard deviations for individual fatty acids were generally in the range

0-30%, typically <10%.
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Gas chromatography-mass spectrometry (GC-MS)

GC-MS analyses were performed on a Hewlett Packard 5996A system fitted

with a direct capillary inlet. The same column type described above was

used for analyses. Samples were injected in the splitless mode at 100 0 C

with a 0.5-minute venting time, after which the oven temperature was

programmed to 300°C at either 3 or 4°C per minute. Helium was used as the

carrier gas. MS operating parameters were: electron multiplier between

1300 and 1400 volts, transfer line 300'C, source and analyser 250°C,

autotune file DFTPP normalized, optics tunied at m/z 502, electron impact

energy 70 eV. Mass spectral data were acquired and processed with a

Hewlett Packard RTE-6/VM data system.

Determination of fatty acid double-bond configuration

The dimethyldisulfide (DMDS) adducts of monounsaturated FAME

were formed, by the method described by Dunkelblum et al. (8), to locate

the double-bond positions. Samples in hexane (50 p1) were treated with 100

pl DMDS (gold label, Aldrich Chemical Co. Milwaukee, WI) and 1-2 drops of

iodine solution (6.0% w:v in diethyl ether). The reaction took place in a

standard CC vial (Varian Pty. Ltd., Sunnyvale, CA) fitted with a teflon-

lined screw-cap lid. After reaction at 500 C in a CC oven for 48 hours, the

mixture was cooled and diluted with hexane (200 I1). Iodine was removed by

shaking with 5% (w:v) aqueous Na 2 S20 3 (100 pl). The organic layer was

removed, and the aqueous layer reextracted with hexane:chloroform (4:1,

v:v). The combined organic layers were concentrated under a stream of

nitrogen prior to subsequent GC analysis. (C-MS analysis of the DMDS

adducts showed major ions attributable to fragmentation between the CH 3S

groups at the original site of unsaturation. Discrimination between cis

and trans geometry in the original monounsaturated FAME is possible. The
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erythro isomer (originally the trans fatty acid) clutes after the threo

isomer (originally the cis fatty acid). Tile different positional isomers

of the same geometry were chromatographically separated under the condi-

tions used in this study.

Fatty acid nomenclature

Fatty acids are designated by total number of carbon atoms : number of

double bonds, followed by the position of the double bond from the

A(carboxylic) end of the molecule. The suffixes c and t indicate cis and

trans geometry. The prefixes i and a refer to iso and anteiso branching

respectively, and the prefix OH indicates a hydroxy group at tile position

indicated. Other methyl-branching is indicated as position of the

additional methyl carbon from the carboxylic acid (A) end, i.e. 10 methyl

16:0. Cyclopropane fatty acids are designated with tile prefix cy, with the

ring position relative to the carboxylic end of tile molecule in parentheses.
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RESULTS

Phospholipid ester-linked fatty acid (PLFA) biomiass estimates

The PLFA concentration data (Table 1) was converted into number of

cells per gram of sediment by means of the following approximations (39):
112

5.9 x 10 bacteria/g (dry weight of cells) with an average methanotroph

containing 57 Pmoles PLFA/g (dry weight; 24). Biomass estimates of 5.6 x

(rng 4. 9 0 - 7. xl 18 9
109 (range 4.1 x 109- 7.7 x 10), 9.3 x 108, and 2.4 x 10 cells/g (dry

weight) were determined for the upper 10 cm of the methane enrichment

column (column A), the azide-inhibited column (column B), and the untreated

control surface soil respectively (Table 1). Sediment taken from the

bottom (148-150 cm) of the two columns contained at least two orders of

magnitude less biomass than the upper layers in each column.

Fatty acid profiles

A total of 40 normal phospholipid ester-linked fatty acids were

positively identified in the columns and soil samples (Table 2). Sixteen

monounsaturated components were present, and characteristic ion fragments

of the derivatized products formed by reaction with DRDS are shown in Table

3. Interpretation of these data provided the primary information for

assignment of double-bond position and geometry.

A number of features were apparent when the fatty acid profiles were

compared (Table 2): (i) Several relatively novel monounsaturated fatty

acids, 16:lA8c, 16:lAlOc, and 18:lAlOc, were present in the methane-enriched

HD samples (column A), but absent in column B and the surface soil sample.

The latter fatty acid was the major component in all methane-exposed column

A samples from 2-10 cm and showed an increase with depth relative to the

more common bacterial component 18:lAllc (28) (Figure 1). (1i) A series of

7=~



10 methyl branched fatty acids was detected in all 0-10 cm samples. A

higher relative abundance of these components occurred in column B and

control soil titan in soil from column A. (iii) The combined relative

levels of 16:0 and 16:1 isomers and 18:0 and 18:1 isomers showed minor

changes within the upper 10 cm of column A. The sum of the C 18 components

was generally 1.5 to 2 times that of the C 16 fatty acids iii these samples

(Figure 2). In contrast, both the surface soil and azide-Inhilbited control

column (B) contained higher relative proportions of the C 16 fatty acids.

(iv) C1 8 and C 20 polyunsaturated fatty acids (PUFA) were detected in all

samples from the upper 10 cm. The untreated surface sediment control

contained the highest relative level of 18:2A9, whereas the C20 PUFA,

20:4A5 and 20:5A5, were present at similar relative levels in column A and

the surface sediment. The latter two components were not detected in soil

from the bottom of column A and were at a reduced relative level in column

B soil. (v) Cyclopropyl fatty acids, cyl7:0 and cyl9:0, were detected in

all samples, with the highest relative proportions present in the nonhalo-

genated hydrocarbon-degrading samples. (vi) A series of saturated FAME,

tentatively identified as dimethyl branched components, were detected in

all samples. These components are included with the designation other

components in Table 2.

Hydroxy fatty acids

The LPS hydroxy fatty acid composition for samples from the methane-

enriched 11111) column A are presented in Table 4. A total of seven

B-OH acids were detected with even-cirbomo numbered components predomi-

nating. 6-01 14:0, 8-011 16:0, and 14-MI 18:0 g-enerally accounted for approxi-

mately 80% of the total Oil acid content. Dit[erences were apparent in the

relative levels of these three comp(iinens.
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DISCUSSION

Biomass

Bacterial biomass assessments for untreated surface soil (0-10 cm) and

the top 10 cm from both the methane-enriched 111lD soil column (A) and the

azide-inhibited column (B) were close to values obtained at the closely

related Lula, Oklahoma site by the acridine orange direct count method

(AODC; 7.0-8.2 x 108 cells/g wet weight; Balkwill, personal communication).

These findings confirm the validity of the use of PLFA as a biomass assess-

ment tool, as has been previously reported for estuarine and benthic marine

sediments (38).

Relative to untreated surface soil, the microbial biomass was 2.3

times higher and 2.6 times lower for soil from the top 10 cm of the HHD

columns and control azide-fed respectively. These cell number estimates

are considerably higher than those reported for the AODC method for three

shallow aquifers in Oklahoma (2.9-9.8 x 106 cells/g dry weight; 2, 41).

McCarty and co-workers (5, 23) and others (27, 42) have previously reported

that biotransformation rates may be increased through the stimulation of

indigenous bacteria by injection of a suitable primary substrate and

required nutrients. The data presented here are in accord with this view

and suggest that the degradation of short-chain halogenated hydrocarbons is

accompanied by an increase in microbial biomass. Smith et al. (31) showed

the bacterial biomass, estimated from extractable phospholipid, increased

significantly in subsurface sediments in the recovered Vadose layer at

sites polluted with creosote waste.

* * * :{. . . .. .. ..* ' ... .
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Fatty acids

It is recognized that certain fatty acids are specific to bacteria and

that different groups of bacteria cau have different fatty acid composi-

tions (14, 21). As a result, PLFA profiles have been used previously to

determine microbial community structure (3, 12, 13, 15, 26, 36, 38).

Differences observed for complex environmental samples have been subdivided

through a bacterial chemotype approach, however, it is clearly of more use

to obtain information on the proportions of metabolic groups within an

environment. At the present time an increasing proportion of complex

microbial consortia and environmental samples can be rationalized in terms

of their fatty acid profiles into metabolic subgroups when detailed analysis,

including determination of double-bond configuration and position, is

performed. The fatty acid profiles obtained in this study will be

discussed from this standpoint.

Methanotrophs

The most significant feature, when fatty acid profiles of tile methane-

enriched HHD soil samples (column A) are compared to the control column (B)

and control untreated surface soil, is the presence of the relatively novel

monounsaturated components 18:lAlOc, 16:1A8c and 16:lAlOc. These fatty

acids were absent in the non-HID samples. Amounts of the former component

increased with depth (Figure 1), constituting 28% of the PLFA at 8-10 cm in

methane-enriched column A. The acid 18:IIOc has only been reported as a

major component in methanotrophic bacteria, including Methylosinus trichosporium

(22, 24). This component (18:IAlOc) constituted ~50% of the total PLFA in

M. trichosporium and 37% and 51% of the total PLFA in two related unclassified

methanotrophs. Thus, from the data obtained for H. trichosporium, it can
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be calculated that this bacterium or related bacteria account for between

32% and 56% of the total microbial biomass in the 1lHD soil column (A). As

this novel signature fatty acid was below detection in both untreated

control surface soil and soil from the control column (B), these data

indicate that a significant change in the community structure has occurred

in the HHD soil column relative to the other soils analyzed.

The second most abundant component detected in the methane-enriched

column (A), 18:1611c, was detected by Makula (22) as a minor component (11%

to 18% of the total PLFA) in type II methanotrophs. In our analysis of the

PLFA of four methanotrophs (24), 18:lAllc was the dominant component

(84-89% of the total PLFA) in two strains of the type II methanotroph

Methylobacterium organophilum. Thus, it appears that M. organophilum or

related type II methanotrophs may also contribute a substantial proportion

of this fatty acid and the overall microbial biomass in the IID soil column

(A). This acid (18:lAllc) is the most commonly detected bacterial C18

monounsaturated fatty acid in many environments (12, 13, 15), and thus

sources additional to type II methanotrophic bacteria may also be possible.

At the present time, however, the significant increases in both the absolute

and relative proportions of 18:lAllc, when the methane-enriched HHD soil

column (A) is compared to the control column and untreated surface soil,

are consistent with a large increase in the biomass of H. organophilum or

related type II methanotrophs.

The C18 monounsaturated fatty acids discussed in detail above are

found in type II methanotrophs (24, 34), whereas C1 6 components predominate

in type I methanotrophs such as Hethylomonas spp. The greater proportion

of C18 fatty acids in all samples from the upper 10 cm of the methane-

18
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enriched HHD soil column (A) (Figure 2), thus, indicates that type II

methanotrophs are more abundant than type I organisms.

Precise determination of double-bond location and geometry has enabled

the clear distinction of signature fatty acids specific to methanotrophic

bacteria to be performed. These data represent another example of the

application of such chemical procedures to laboratory and environmental

samples and the method can enable methanotrophic biomass to be monitored.

Such methods, in many instances, provide information essential to the

correct interpretation of increasingly complex data sets. In addition to

the large community of methanotrophic bacteria, in the methane-enriched

column (A), other microbial populations were also distinguished.

Actinomyce tes

Actinomycetes are commonly found in soils and have been reported to

comprise 13% to 30% of the total microbial flora, depending on the season

of the year (37). Members of Arthrobacter, Nocardioides, and other genera

contain a number of 10-methyl fatty acids: 10 methyl 18:0 (tuberculosteric

acid), 10 methyl 17:0, and 10 methyl 16:0 (25). Similarly, cyclopropane

fatty acids were detected only in Actinomyces (19).

The presence of a series of 10 methyl branched fatty acids in all

upper-l0-cm soil samples analysed in this study (Table 3) is thus consis-

tent with the presence of members of the Actinomycetes. The relative

proportion of these components is significantly lower in the methane-

enriched IIID soil column (A) than in either the column (B) or the untreated

surface soil. A 20% contribution of the total PLFA in the HU11D soil column

is due to the 10 methyl branched fatty acid-containing Actinomycetes,

according to calculations similar to those given above for monitoring

methanotroph biomass and average Actinomyces fatty acid compositional data

I)
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(25). A higher contribution, 50% of tile total PLFA, occurred in tile

control column (B) and untreated surface soil.

These calculations may represent an overestimation of this group of

organisms, as it has recently been reported that Desulfobacter spp. also

contain IO~e16:0 (33). Desulfobacter spp. typically contain low propor-

tions of the longer chain homologues, lOMel7:0 and IO1el8:0. Thus, it

seems reasonable to assume that a large proportion of the 10 methyl fatty

acids are due to members of the Actinomycetes.

Other microbial groups

A number of fatty acids, reported in sulphate-reducing bacteria (4, 9,

33), were present in all samples (Table 3). The branched chain monoenoic

fatty acids, il7:1A9c and il5:lA9c, are common to Desulfovibrio spp. (4,

9), and 10 methyl 16:0 is a major component in Desulfobacter as noted

above. Iso 17:A9c has also been detected recently in several Flexibacter

(unpublished data). In the Flexibacter analyzed, il7:iAll was also present

in proportions similar to those of il7:iA9c. As i17:IAl was not detected

in this study the contribution from Flexibacter is probably minimal. If it

is assumed that all the il7:IA9c detected can be attributed to Desulfovibrio

spp., then this bacterial group contributes approximately 5%, 8%, and 10%

of the total PLFA in the methane-enriched 11lID soil column(A), the control

column(B) and untreated surface soil, respectively.

It has been reported that certain atypical bacteria produce large

amounts of branched-chain monoenoic acids (13). Other than for Desulfovibrio
a

app., il7:IA9c is not normally/dominant component. At the present time

and based on the current literature, it has been assumed for tile calcu-

lations above that Desulfovibrio spp. is the sole source of il7:IA9c.
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Further studies are planned, including the analysis of PLFA from bacteria

isolated from untreated surface soil, to clarify this point.

A minor contribution from eukaryotic organisms is occurring In all

surface samples, as the C 20 PUFA 20'4A5 and 20:5A5 are specific to eukar-

yotes (3, 10, 36).

LPS hydroxy fatty acids

Even carbon-numbered 0-011 acids dominated the hydroxy acid profile for

the methane-enriched 1IID soil column (Table 4). Differences occurring in

the upper 10 cm of the column can be rationalized as due to variations in

the microbial, in particular methanotropic, community structure. The three

major components, 8-OH 14:0, B-011 16:0, and 5-O1 18:0, were the only

components detected in four methanotrophs (24). These data add further

supporting evidence to the view, based on the ester-linked PLFA profiles,

that methanotrophic bacteria constitute a major proportion of the microbial

biomass in the methane-enriched IIID soil column.

The PLFA and LPS hydroxy acid profiles reported have enabled the

microbial biomass in a methane-enriched soil column and related control

samples to be determined. Bacterial numbers, calculated using factors

derived from bacterial monocultures (24, 39, Nichols et al., in press),

were similar to those reported recently by the AODC method for closely

related samples (2). These data thus validate the use of PLFA as a mecha-

nism for determining microbial biomass in soil. More importantly,

comparison of the PLFA profiles, particularly when precise determination of

double-bond configuration is performed, has enabled bacterial community

structure to be differentiated. The methane-enriched 1111D column was found

, to be significantly higher in PLFA specific to type II methanotrophs. A

-S
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decrease in biomarkers for Actinomycetes and Desulfovibrio spp. was also

noted for the 1111D soil relative to the other samples analysed.

Community structure information, as determined from PLFA, has provided

data on the effect of stimulating indigenous soil bacteria by addition of a

primary substrate and nutrients. The findings for this model system repre-

sent data that can be drawn upon as biotransformation processes similar to

the one described here are adapted to aquifers. Such a project is

presently underway in collaborative studies between our laboratories and

may help rationalize shifts in PLFA composition associated with pollution

in subsurface sediments.
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Table 1 Phospholipid ester-linked fatty acid content and estimated cell

numbers for sediment samples from a methane enriched halogenated

hydrocarbon-degrading column and related samples.

Sum of phospholipid

ester-linked fatty acids

Sample nmoles/g (dry weight) Number of cells/ga

Column A (methane-enriched))

0-10 cm 53.8 5.6 x 109

148-150 cmc 0.61 6.3 x 107

Column B (exposed to sodium azide)

0-10 cmc 8.93 9.3 x 108

148-150 cmc 0.04 4.1 x 106

Untreated surface soil c  22.8 2.4 x 109

a a Determined using conversion factors described in text from White et al.

(14, 22), and Nichols et al. (24).

b
Mean of 10 samples.

c : Mean of 2 samples.
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Table 2 Phospholipid normal ester-linked fatty acids from a methane-

enriched halogenated hydrocarbon-degrading sediment column and related

samples.

------------- -- --- -- -- --- -- --- -- --- -- --- -- -- --- -- --- -- --- ---a

Percentage compositiona

Column A: Column B: Control

Fatty methane- azide-

acid enriched inhibited

0-2 b 2-4 4-6 6-8 8-10 148-150 0-10

12:0 0.22 TR c TR TR TR 1.4 - h

13:0 TR TR TR TR TR 1.2 - -

1 14:0 0.27 0.29 0.27 0.32 0.32 0.20 0.20

14:0 1.3 1.5 1.6 1.4 1.3 1.4 1.1 0.37

il5 :1id 0.20 0.37 0.20 0.19 0.2 - TR TR

115:0 2.5 2.9 2.7 2.8 3.0 2.6 5.4 5.9

a15:0 1.2 1.5 1.4 1.4 1.7 2.1 2.3 2.6

15:0 0.73 0.45 0.44 0.46 0.42 TR 0.68 0.53

il6:lA9c 0.59 0.36 0.33 0.23 0.28 - 0.32 0.48

lOHel5:0 0.20 0.19 0.15 0.16 0.14 - 0.31 0.29

116:0 2.1 1.5 2.1 1.5 1.6 3.7 3.8 3.8

16:14h7c 0.50 1.1 0.53 0.44 1.0 - TR 1.1

16:lti8c NAQ i NAQ 2.4 3.3 2.4 TR - -

16:la9c 9.9 13.7 11.7 9.4 7.6 6.4 10.3 3.5

16 :l.9te 1.4 1.3 1.5 1.3 1.1 2.6 1.9 TR

16:lallc 2.7 4.3 5.0 4.4 4.4 2.3 5.3 5.1

16:lallt TR 0.35 0.13 0.10 TR - - -



Table 2 (contliued)

16:0 9.2 8.8 8.6 8.4 8.0 62.1 13.7 11.2

117:]A9c 0.61 1.3 1.5 1. , 1.4 1.1 2.1 2.7

.OHel6:0 1.6 2.0 2.0 2.0 2.3 2.3 5.4 5.7

117:0 0.92 1.0 1.1 1.1 1.2 '1l1 2.8 2.9

a17:0 2.0 .1.5 1./$ 1.5 1.5 1.1 2.8 3.3

cyI7:0 1.5 1.9 2.3 2.2 2.0 !. I 4.8 2.3

17:0 0.62 0.41 (.16 0.20 0.36 1.1 0.81 0.66

lOMel7:0 0.37 0.47 0.47 0.118 0.47 - 1.2 1.1

18:4A6,9,12,15 2.5 1.9 1.5 1.9 2.3 - 0.38 0.24

18:2A9,12 1.3 1.1 0.8 1.3 0.86 TIH 0.90 4.8

18:A9c 4.9 NAQ 3.2 0. 1 NAQ - 5.7 6.9

18:lAlOc 16.1 21.5 20.3 25.0 27.9 1.6 - -

18:IAllc 22.5 17.7 16.4 15.7 13.5 1.1 6.7 9.1

18:1]Allt 0.22 0.23 0.46 0.32 0.30 'I'1 0.69 0.41

18:1A13c 0.61 1.2 0. 94 0.9 1 1.1 IV 0.64 1.5

18:0 2.1 1.8 . 11 2.0 1.8 1.81 3.2 2.6

lO~el8:0 1.4 0.82 0.92 ).99 1.0 - 2.2 1.8

cyl9:0 1.9 2.2 2.3 2.2 2.6 2.1 7.5 8.4

20 :4 5 .8 ,11,14 1.4 1.5 1.5 1.3 1.3 - 0.20 1.2

20:5A5,8,11,14.17 0.21 0.26 0.19 0.22 0.27 - TR 0.36

20:3 - - - - - - 0.72

20:lAllc ...... 0.38 0.33

20:0 TR TR 'Ii 'I II it TI (.90 0.39

othern f  4.0 2.6 2. 4 2. 4.4 - 5.4 7.6

nmoteR/gg 42 61 501 14 ) (1 0. 8 R. 9 23

-----------'--.-•- ,--- -----------. . - - - ,.-- ".--" ' ,"-
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n:Fotty afld composition Is f x~(!!( it termsl (if t he liiCeiitaige (if the

tot.1l flitty acids. 1): epth 11 lit1 11(1111m t op of Colun. r: 'I'll, trace <0.1%.

d ,osIt Ion of misaturatim 1(11ot (I(' p mIitiedI becautse t-Iti s r icietit sample

ninterin] . Coinpoiieujts Iresetit. cm! eilte with I 1 15: lA9c . II: 1-6: lAOc a]lso

preReit t it severali ct lii A saiIIp I v! boo11t tiot piil~.t I f I Id . f(:Olie r conipo-

ntB Iiclude trace nnmotnts (,I). 17) (if Il#:I CI (1soniert) , 15:1 (2 Isomers)

anid 17:1 9c. 9: Dry weight hasis. 110 d~ etectedI. :NAO, presetit but

niot nccurntely quantitated.

.- 4V



Table 3 Monoiaturated fatty ac I(I, fIrowntPe t tatie-etn 1- cited hnalogena ted

Ityd roca rboti-degrnidli tp sedltict tcoltionn (A) . Gats chtrotmatographi c

retetntion data atnldi hrmI(tA~ rIst ic i t fraptiuiii. of derlvai zed

products. forined b~y react Imot of the fa;ttty ac Ids witih

(I me thy Id I u IpitiWe (IMI)S) I

Fatty ncld [It lotl, It ;tttent (111/7.) of IPMI) .1,ddtl(tt

Hf- -l tagmttcit A - I ra gtieitt

il5:1ld 17.79 -e -

i16:lA9c 19.74 -- 217

16:10~cd 20.34 - -

16:lA8c 20.40 - .159 201

16:lA9t 20.54 362 145 217

16:lAlOc 20.52 - 111 231

16:lAllc 20.64 30,2 117 245

16:lAllt 20.77 362 117 24,5

117:lA9c 21.69 - 159 211

17:lA9c - -159 217

18:lA9c 24.51 - 171 217

10:lAl()c 24.57 390 159 231

18:IAI.l~c 24.64 390) 145 245

18 -I Al. t 24.76 3901 14if5 24 ,

18: lA13c 24. 86 3901 117 271
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a
Retention time

b b w-Fragment indicates fragment including aliplhatic end of the molecule.

C
: A-Fragment indicates fragment liicluding carboxyl-Ic end of the molecule.

d d Identification based on GC retention data alone.

e
- Not detected in GC-HS analysis because of in. tiffIcient sample

materinl.
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Table 4 1APOPOlYsacciiarlde (1.1S) 11-iiydroxy acids from a methane-enriched

lhalogenated Itydroca rhon-degrad Lug sediment coi tin (A).

13-iydroxy Percentage composition

acid U-2 1)cm 2-4cm 4-6cm 6-8cm 8-10cm 148-150cm

8-01l 10:0 6.5 4.6 10.5 4.7 5.5 NO)

8-01l 12:0 15.9 10.8 11.8 16.0 10.9 TR

13-Oil 13:0c TR I'l 'FR TR 5.6 NI)

8-Oi1 14:0 32.5 21.4 22.3 25.6 30.2 TR

0-Oil lS:OC TR TR TR 'll 4. 7 NI)

8-Oil 16:0 21.9 35.0 30.3 33.0 29.4 TR

8-Oil 18:0 23.1 33.1 25.1 20.7 13.5 TR

timoles/gd 3.1 3.1 2.7 3.0 4.5 0.1

a: 8-Oil acid composition Is expressed in terms of the total 6-hlydroxy acids.

b: Sediment dlepthl (cm).

c: Branched component.

d: Dry wight basis.

11, 11 I.1
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FIGURE LEGENDS

Figure 1. Ratio of major fatty acids 18:lAIOc and 18:IAJ.I~c versus sediment

depth from a me tha~ne et icIhed htalogenatedI Iydrocarbon-degrad lug

Boll column (coluinti A, without nilde).

Figure 2. Relative proportions of (1) 16:0 anid 16:1 isomers, closed

symbols, and (if) 18:0 anid 18:1 isomers, open symbols. Circles,

metlunne-eniclied column A ( ha iogeliuited Ityd rocairbon-depgrnd lug);

squares, columnt 11 (exposed to sodtom az(ide) ; trliatigles, untreated

surface sedimenit.
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IEiivia'onmenc~tal Effects Testig with (jumititative

MIicrobjial Analysis: Chemnicali Sigitures
Correlated with in situt IHoffli

Analysis by lT/llt

)AV VII) C. W II IT' etrfrlimdcg n Ta.ttIveogwaI Re-
se a 310 Nuelear Rlesearch, 1tilding Floerida Sta.ir I liviersity

Abstratet

4 'iC4emii:. I sliemmeiuii (Nor 11I imleigms. cemm11imiii I I V l Y mc .4 ermUI, neil1 1e ie M;1 l AIts 114 MINI
mmi l0mel ir ctriviti~e~s 40,11l lisit mmmeeriigmlvii; hae Olimeew itc Iemuovmrkci el. m e~~ eee il
dimigje.x4 itit- lisilk flemiel imleysacee I tmod etuivieeeIii gmreeei ieivs, lme. eieeim ixlry. liieKie-

gimeieiiilily. aeall iurememi emgv emr limeg 41, milem4 . 14ms W4.ll hm iimigseei lle 11 ege 4141 ims

1,erel is,,,l. Chieoiime 11memcuinm tol'Ilie mmeeritipa dle mmlein. emigiee hinge . imreistomae

11414elo emicseemel am-ISIeem withm their estiremcei I Iole mgeI iriso-- E 5iim ill dinomsel er fIm #liNs it

refgeiire emImmisIi it liee reenmi ee ith emegaiism fexm ummi srems Nor I Bet List ir mgemiluilms
mIe 1-.104 1 illl re.... emmeims im ll meooroI ore...le xemewits I ii il' I Ne micjeemieeem clemgeme
ioem I imeir ieclmitsmt smggesls I html I limewsrimeeseemr I Ito ivimstmrest-mm I gertiv idi cm fginlila Imiv.

mevieim reer enierimiemeil ei-C14 IP4 i jug. I 1i;e. cges ill time immcmri .e.ICem N-1iic amicr-1
itt eN isesire te xeeliliis Selfi lime, agIievvI.i ee1eil ci amel gams We.i I-elri iimg 11lies
Ieltmemslreete tis seueit ivity The.mem imavw.s olis itmin I elex~try time- vitaml imi erri imms

U ~ ~ ~ w I tall i mmirreweiemisimc off immix xee milySielg it'll I I ye I I eCel.1 wliceri erom immy eievimeim-
imlln.. Illme mime,,., iiee Ilumeaesmore~s fere eit mcl i e. Neie-desI reed ivi, imel v.ie cll Iiie-

fiimes mi eem.m ile fhle Size' eemmge b ii eeeieeic y Femre r I rm msimi i mg ,ulfrede
11.m rlN~lemtry emmemy Ulitimaetely perovide tiii Inmesis elkectiye iml im loms- miv irtvemmmmeutcm
e4lects terling.

The hasis df this analysis iissuties that. I it( Iicrobiola ill 11 givenl

environmetnt fiithfuIly rellect (hir oti masl habhitat. 11. kirther
assum~es that chmigem ill the cotditiotim of this huumilat asue rapIidly
andl~ (Iteslntitittively revcele ill I lie cotmjpositiml smid aectivity of the
fliCTliot.1I. F'or co~nvenienlce tile Imiii icroIint ill this 81tud(y
includes Lte prokaryotes mid Lte etiksmi-yole!S sucI its itigite, jaroio-
via, fungi, and micrometazos tit-it pass through a 0.5 mell inesh
sieve.

Toxicity Amwose.mment: Ai Internntionai Quarterly Vil. i. :115 33H1186
4) 1986 Jmseee Wiley & Bottm. live. (:(: 01414-8l181/i::15-24$04oO
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I NTROD(l UCTlION into icrobial habit:

The microbiota form Lte base of Lte liod chnini in soils tand sedli- Laure an reoic wle

ments. Rlecent studies jtidiCate thait the planktonic bacterial ill Lt(!te rba fe

ocean may also represent ii iiiiijor ieedstock to a large groupl (If
microflagellate protozoa (lhat are in luon tile 14)0( stilice ofilarger
ciliate protozoa avid zooilankton. Tlhere is tit 4questionl I hat Oli Microbes fo d in ei
inicrobiota represent Lte largest hiomiass of illost enviroinelits. assays. in the w
There are cnvirminients, suich as the liylersalhine salt 1141ts or Ily- oog at involve tin
drothernial springs or ventts, where iticrobtes lorm Cte mnui bijo- isin on petri plates
logically active consoneuts. These miicrobies are presenut it large nuin rs of organisso
numbers. For examphle tit(! bacterial b~iomanss (it surface 841ils 4u1uml wate (Jannasch an.
sediments front enviroisits its diverse ats troqikcal esIiiries oir the 1) lems with cI;.
Antarctic marine suads is equivalenit (.o greaeter Ilian 10! cells thse to tile obleins of lit
size of PsCetilmottioas /1uiresciis per grain dr1y Weight (White (4 s1l. petri pla , tile orgai
1984). Even such uelk-ly habitats its suibsiace claY aiiler the surfac and front
sediments recoveredl froms dethis as gremi.as 42(0 itseter-4 betlow (lit! reqluire qua titative
surface may contain tit( equivalent of* 10" bacteria per graimn dlry have the pr lem of'
weight (White et aml. I 9Hn3. ilighspeedbl dingoi

This microbial bioniass call persist in a do(Irlmnt state with staining and *rect c,
most of the individual organismns iniactive 1*(r long periods or callm neither quanti tive
spring to activity so rupidly that it beconhes vory ihillicit to esti- assay of the mu arnic
mate the native metablic status. lFine-graiined sedinments often oF mar sedi ents
contain abundant reduced carbon energy sources anud nutrients, per ed on he sed
but are i mitLed in tile contentra tion of terainl e clectronl accep~tors. esti, ions for organi
The addition of oxygen that nay occur whten labeled prectirsors are ules or verlapping or
added to the sediments to estimate msetabolic activities canl resuilt puter-b d image en
in a significant "disturbaince artifact". Such ~hs~ih~c riat.biomnass i complex as
can be readily demonstrated by Lte incorporation of 11:1: 110 4 into methodolo works I.
phospholipids (Moriarty plt al. 1985). Findlay et al. (1985) have sediments biofilnte
developed a particularly sensitive eneasure of this disturbanlece Ivy With compu r enhatt
comparing Lte ratio of 14C-uscetate incorlvoratioi i into Lte prokitry- we are left w h theI
otic endogenous storage product p;oly beta-hydroxy alkanosute because the mn rpholte
(PIEA) tophosphohipid fatty acids (P1 ,FA I. lit both these studies tile metabolic func ion or.
onset of detectable increases in metabolic activity had occurred by ria For I come
the time the first sample could be taken. proble- is urther cot

There is a large and potentially active biomass of microbiota ments ly a ti ny fin'.
in nearly every environmient in which life canl survive. There is time an aside from I
evidence that the comuinuvity structure an(1 metabolic activities of strom et 1. 1979), I
these microbes reflect the microbabitats of these organisivs (White activity of he cells. N1
1985). It follows that the introduction of chemical contamination fraction active cell
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inmlto lmiicrlm~il habitats shoiuld indultce ,;hilts in coamammuty strmc-

and i tire ammilnmetabolic activities that could provide excellent quamiti-
ia i L e
,rU of Tlhe iPrublan

~oflarg
that tit Microbes fond in environments present a complex problemt for

,onme assays. E~venm in time wa ter colIum in Lte classica Inmethods of i iicrobi -
it 1h). o~logy bidi. inivolve tie isolation anid subs,((eq etiltuirinig oforgant-
osil Nio- isivis oi petri plates call lend to gross unhlerestiniati(,ns of time
in I ge vtnmbers (if' organmisms detectable in direct conmts oif time sanmle

soils a d waters (.Iannascm amid Jones 1959). With sedimenits amid biofilins

'arnes o tile rioliims with classical mnetimods are inore severe. Its addimtion

cels th to Lte guroblemmis (of providing at universal growth inediuim in) time
ile et al. petri plate, t-lme organisnH immust be4 quamtiiutivety remmoved Fromt
aqu e r the Smt aices anid fromn each otlher. D irect microscopiic memcthods that
low fie reqIiir4- ltiamlittative release oif thme Iacteriti frons the biolin can

ram y have Lte problem of inconsistent remnoval front some Surfiaces.
HIigh speed bleidimg ofseditnents to remove Lte inicrobiota prior to

te wit staining and irect counting in epifluorescent illmumination was
aor cat neither quatiitaitive nor reproducible when compared to chemical
to esti assay of time inirasnic acid of time prokaryotic cell wall in (me study

ts oft of nutrine sedinemits, (Moriarty 1980). D~irect Imicroscopy canl 1e
trien pmerfomrmed oni time sedinmenit particles or thin biofilins by making
eptor .estimations for orgaims renderedl ivisible by sedimenat grami-

rs ar ules oir overlapping orginisms in biolilms. 'lhe application of coin-
resul flhter-flsedl immage etihancing calln allow calculationis of microbial

rtifitc btionass iii compillex assemblies Waldwell anid Gernmida 1984). T1his
,g in imethiodology works best whmen Cte density of organismns in tile
hay sediments or bioihis is low and overlapping is iniminal. Even

nc wt cmutrenhanced imnage processing in direct mnicroscoy,

okary we aire left with tihe problem that thme in situ mnethods often ICmih
float because thie morphology of* at microbe mfiles little insight into the

ies tb mietabiolic functiomn or activity (if te cells. Methane-formimig baicte-
red b . na fur example comle in all sizes amiml shmapmes (Zeiku.4 1977). The

problei is further complicated by the fiact that ima nanyevirolk-
bio mieats onily at tiny Iraction of the orgaiisnis is active at miny omme
ere Ltle amid aside fromn the observation of bacterial doubling I I lag-
ies f stroim et al. 1979), the mnorphmology gives little evidence of tile
hi activity of the cells. Microscopic changes induced by showing tile

atio f ractionm of active cells by tetrzoitini reduiction and fin-inazan



OccumUllntiOnlor nuitrienit stimulatioui in the presence of nillixic tile icrobes from
acid with signiicant elonigation iir the cells app~iear tip work it conso in is prese
dilute planktontic envirnmenits (Maki timid iemisemi 19~81 TheI bioche 'cal pro
most direct nethod of di Leriniming Lte Jprol)ortion iiiactive cells in) uct. T'io e comp()

a given bilil~ii imivolves a combimnationi of' aitorutigraplily Iltidi as measur sof bie:
electron or epifluoresceiace milcroscopy (Stanley amid Staley 1977). microbial c mmui
All these mnethods; reatimre inettib(lic activity in (lie! presenice (if I fie structure. 'lie co
substrates andl are subject (o the limitations of density of orgami. in m y ased on
isms amnd thicknms ofl Lte biofihmin t e field of' view. Witlh ile ha been valida
necessi ty far i ndiiciiig iiietaibol ic mti v ity there isa tif dImujer of imid ic- to anipulate Lte
ing artiliscahly high levels of activity with tile additioni (if Lte agre' both morpi
substrates. Applicatiomi iiithe extremuiely sentsitive chiemmicail mmethi- resultq (White et
ods has showni Lie inductiomi of activity imi ftesed(imiemlairy miicro- involvMi isolation
biota when subjected to miimmal disturbances (1'indlay et ill. them in ppropria
1985). noting Lte respomas

The attachmnmt to timd activity of miicrobes at surlaces is an the light it~tensity
extremnely imprtntiit liuitiare (if mmicrobuial ecology IMarshall 1 976; 1Phosplhlhipids;
1984). Not (icly dot mnicrobies attach to surfaces, but inainy exist ill the conditio m exIN
consortia of miultiple mnetambolic types. 'lie best stuiliecl comnsortium tain a relatiey c
is probably that of amiaries thint fermenit comiplex p)lanht polyuiiers pholipids (White t!

to volatile fatty acids, carbson dioxide, amid methanc inl thle runeif storage lipi0 and I
vertebrates (Wolini 1979). Microcolonies of* nixedl bacterial types men ie assay
bound together with extracellular Iplyiers arme readily detect- cellul r biomass
aisle in muarimie sedimnemit4 aby transimission electron microscopy pholip ds or Lte gl.N
(Moriarty and I laiyward 1982). Isolation ofl the miicrobes ill Ithese phlosph tidy[ glycei

consortia for viable coiutimg or direct miicros4copic examumiatiomi is lipids c be assayt
often impossible Imnd cll provide little inisighut into tile dletails ol the phos ohipid as
the iuiteractiomns that take plaice. Simice tile*;e comsortia have mnuch Thee er-linkvu

more versatile mnetabtolic hpropensmties thamn smoigle species, it is bt h otsni
imaportant in emivirominumital efli-cts testimng tip preser'e tis much as microbial bi mass
possible Lte amuatomny lind muetaiolic imteractions of these nicro- (Bobbie anad lute
colonies. 1'or thant, % new type of analysis (flat does not involve flatty acids tit are

quantitative remioval ofthe microbues Uroii surfatces oJr stimiulatiomi total act g

of new and possible artilaictual metabolic activities is necessary. most the anthroue
storag lipids are fill
lipids, isolating I

Ali Imterimn Solmliomi it prove ssible Cis

Our laboratory has been involved imi the development ofatssays to The speci city anti
define microbial conmisrtin in which the hii s illuet Cirath se lection (if creased b the debi
the classical plte count is ehiiiated. Sinmce the tot iii comli mituili ty of Auble unds im
is examined iii these procedures without Lte necessity of'remiovimig Elhun 1. 1985
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ence of nalidixic tite microbies fm-oin surfaces, tite inicrostructmme oif multi-species
pear to work in cotisorlia is precserved. he meIthodN involves Lte mieasuremnient oit
isfen 198 . Ie biiochieimil piroperties ofl tile cells imid their extrsmcellular prodl-

ofCtiv cells in ucts. Thiose coimp~onents generally distributed ill cells fire utilizedl
mdiogra y and ats measures oflmbiomiass. ( omipooieits restricted to subsets of' tile
lid Staley 77). Iiciobiail cimiim ititets cll lbe utilizedl to lefille tile coiimmunity
c presence o he structure. Tihie concept( of' sigmimtmrcs" fo~r subsets of' tile comn-
fensity of org - mnutmiity based onl tihe limiited distribution of' specific commpoients
*view. With t e has beemi vamIliated by usi ig atibiliotics 11mid C ltu ti I Coitlhitiolls

dangerof in c- to uiitmipulale the conitiiwnity structure. Thie resultinig chomnges
additio the agreed bothi miorphiologicalIly imd biochemiictalIly wi tim Ltie expected

chen almthresul ts (White et ill. 19811. Other vil idationl expmerimnents that
!:hmalmt-i ivol vedI isolationi a,,d( amialysis of specific orgiisms aid finding

imen y micro-hirt al n priate nmixtumres, util izationI of spec-ific i mii iitrs it lid
in e alnotinmg the response, andi~ changes i mi te local eImivi ronnient such as

-it surface is an Lte light intensity are summarized in a review (Wite 1983).
(Marshall 76; I'hiosphiolipidls am-e founmd in the neinhbraiaes of all cells. Under
t many exis in Lte conditions expected in natural commnitiiLes Lte bacteria Con-

died consortiu Wrnill a relatively constant proportion oif' their biorntass 118 phios-
plant polyme pliolilpids ( White et all. 1 979c0. l'h(spiiolipids are nlot fouimd in
in the rumen o so nige lipids amidl have a relatively rapid tritover ill some1 5 (li-
bacterial ty mueiits so tile assay of these lipids gives at miiasure of Lime "viable"
readily de ct- cel luilair biomiass (White et al. 19791)). Thie phiosphate of the p)1i0-

ron micro opy phiolipids or Lte glyceroh-photsphiate and acid-labile glycerol from

icrobes in ese phioshtid~yl glycerol- like I ipidls that are iiil icators of' bacterial
examinati n is lip~ids call bie assayedl to icrease Cte specificity anl sensitivity of'

to the d iS of the pliusphoiplid assay M4ehron iati Whlite 19M3).
)rtia hav"e 'uch Tihie ester-liniked latty acids in Cte phosphol ipidls are p~resently

le spcies t ~botl hI'lie Imost senlsitive,14 Lndte niost useful chemiiical measu res of'
re apcis it hs m icrobmial biomnass amid Coanmiunity structure thus U.mr dlevelop)ed
of tase in ro (sOflimibie and White 198(0; Guckert etatl. 1985). The specifI cationl (f
ofeshnst inivo e lfi.yacids that are ester-Iinked in Lte plimsphol ip;id fracimm of the
os o iuati total lid extract greatly iiicreases Lte selectivit~y of' thisasay as
Cs or necesary imost of the amitlropogenic contaniiamants as well its tile endlogemtous

es s ecssrystorage I ipidls tme f'outid inl the icutral or g lycol ipid Fractions of' thle
lip ids. fly isolamtiing Lte piiosiio1 ipidl f'raction for fatty acid analysis
it provedi possible to show bacteria inl thle slu(Ige of crude oil tamiks.

ent of as ys to The specificity amid sensitivity ofthis assay hums beemi greatly int-
ral select n of creased by the determinimation of' (lhe conifiguritiomi and position
tat Comm ity of' doubIle~ bound(s in, ioiioemmic fatty acids ( Nichols et Ili. 1985;
i ty ofremov g Edlumid et al. 1985) and by Lte iorniatiomi of' electromn capturing

..........



derivatives which after separation by capillary GLC can be de-
tected after. chemical ionization mass spectrometry as negative
ions at femtomolar sensitivities (Odham et al. 1985). This makes
possible the detection of specific bacteria in the range of 10 to 100
organisms. Since many environments such as marine sediments
often yield 150 ester-linked fatty acids derived from the phospho-
lipids, a single assay provides a large amount of information.
Combining a second derivatization of the fatty acid methyl esters
to provide information on the configuration and localization of

-' the double bonds in monounsaturated components provides even

-deeper insight. By utilizing fatty acid pattens of bacterial mono-
cultures, Myron Sasser of the University of Delaware in collabor-
ation with ilewlett Packard has been able to distinguish between
over 80/strains of bacteria ISasser 1985. Thus analysis of the

fatty acids can provide insight into the community structure of
microbial consortia as well as an estimate of the biomass.

Despite the fact that the analysis of PLFA cannot provide an
exact description of each species or physiologic type of microbes in
a given environment, the analysis provides a quantitative descrip-
tion of the microbiota in the particular environment sampled.
With the techniques of statistical pattern recognition analysis it is
possible to provide a quantitative estimate of the differences be-
tween samples with PLFA analysis. For example it proved possible
to show that contamination of the subsurface aquifer sediment by
creosote waste induced shifts in the microbial community struc-
ture in the vadose zone iSmith et al. 19851.

Potential problems with defining community structure by
analysis of PLFA come with the shifts in fatty acid composition of
some monocultures with changes in media composition or temper-
ature (Lechevalier 1977) some of which were defined in this labo-
ratory (Joyce et al. 1970; Frerman and White 1967; Ray et al.
1971). There is as yet little published evidence for such shifts in
PLFA in nature where the growth conditions that allow survival
in the highly competitive microbial consortia would be expected to
severely restrict the survival of specific microbial strains to much
narrower conditions of growth.

Analysis of other components of the phosholipid fraction give
insight into the microbial community structure. "Signatures"
(components restricted to subsets of the microbial community
with similar physiological functionsl for some of the microbial
groups involved in anaerobic fermentations have been develol)ed.

I



y G3LC cani I (te- Th'e rate liiing Step~ sin(5 I fi1T1511lalio 145is lime de~gradaItion1 (ml J)(ly-
iietry as neg ive iimwms. A secomi tier sd smicrolies c(tiIveils lime cadmimiydimtes smid
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acid smetht esters can lie sssayed imy thir r esisfissice (o m kalm -I se uetiiaiimiysis and
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mlf bacterial it iro- iWHIM 81i Simg(OSiime IMuSCSe. Ilts(! were dectect~ed iun lhlcleroid'~s (iizza
ware in cotta r- et.a I. 0970. )lil ismgosiii('sarl! *-e~mily kNHs:iYed illi h(1i-flly-Satoki
inguish bet -en ol'thle polair lipqids Imy thmeir iam ino groups omr by ( I A ol'time lon1g

us analysis the chmain bases ( White et . 1969).
imity stru ure of I 'iytan smYl glycerol djelimers lomaid in tile Arcmmeiaclteria cain i)C
me bioin s. aissaiyedl iy h ighm prlessiure I op. jd chiromatiographm~y (1114l,C) aifter
*nnot ovide an appllropriaite (lerivat7.ll ion I Iaurtz el, al1. I 983). C . Mamuicliso in tii
pie of mn robes in immimorILry IMiS inmIWOVIA tihe seniit ivity an~d resoltlitiol ol Lie iamal-
ntitativ descrip- ysis of1 Lile dipmIytllmylglyceromI other lipids mf' time smethatiogenic
i ment mnpied. bacteria by 11V'lA . Slit hasa iso beenm amble to show tle vuiesmie orl
Lion anal sis itis isoprt!IoIoglies of Ihle SIialilic side dma i Es tol'time clietlier I ipids
to differen 9 be- twing highmly sensitive (.( /NIS technmiques(' I MStvickiso et al. 1985).
it proved po ible 'The so i hmte-s-4!(lciimg bacteria cmmilasisi iidsc wicih can be

fer sod ime by titli i7d( tm idelesi II IVi.lemisI a1 ilstoum tif i i lis ciss. smw coiitaini 11
mmniuity at c- til 191W plrofle C I oflmsanliedP~ satirl I i 1( smoimgmimsatiratetl I m IA

I limnd el II. 1 985; Pari kes andmi Taylomr I 983; Taylour ansd iPirkes

ity structure y 198:1) Lthat alilosw difieiatiomn lid weett Cihose it~ili7.iig Inctte
id composit.' n of - immid thiose iisismgamceflateasmd hiighmer laItty acids. Preldiminlamry amity-
sitionorte per- . 1 mlier~ic sing Iowl ria by N. IDowliing mFl tmis labxmraitory
ned in thi laIbo. stron~gly suggests thmat ime smaJority (m stlfi ae-redlicig ibacteria
1967; Ray t nil. fomnd iii mmummrme sedmnenk %ad iii waters kised iii Lile secondairy
r such sili in recovery ofl miare ime isecta I -ohitiiziing strai Th 'iese orgasinsm

t allow survi at ire sict~ive even iii firimenmaiims ism whichm timere is 110 li(dded sulfa1te
d be expected o till tmey can recycle orgmic sullur is. time Ieed-stock (Sith~ and
strait-s to muc M~ug, 1981).

lromin the resxidlue ofl lie I ipici-ex tr1aucteci imli limt, sumitlinic acidI,

id fracti e it ism itimie componmmsenmt o.iani ay bacterial cell wakilIs cai iie recovered
."Sign urea" I Findlamy oh a. 19)83). MIram ic acid ill time had emuas cell wall exists

ial comm nity imm im 1:1 ioar ratio) with gl i.mosmmimine. Silt(-(-ltme imalysis gives
f time micro ial bomthm glacoamimineaumsmi isa. am ic oiu amisd time clil.iii walisl snally

en develo mmicroeukurymltes yieldI gi icosaimi e, time giticolsalmimO to imiraiimic

£1
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acid ratio gives insight into tlie p~rokaryote to eokaryote ratio, th mhpossN
This comnplements thie infiwrination dteveloped trout tile ester- *nutrit a.1 ctct ill I
liniked I'LFA. ert ~itr

Gram-negative bacteria conittn distinctive pattvrns ofaiamade tiols when e orga I
or ester-linked taliphatic mtid lmydroxy ffuLty acids in Ithe lipid A of cientt total ii icots
their lipiopolysaccharide wall Itolymners I Parker et. aul. 1982). lThis al. 1979). A nit C set
hins proved to be n extrettely valuable assay in thle defmitiitn of of the I' yuwl
gram-negative bacterin. With this assay it is possible L~o detect these PX yiners (Fill,
bacteria in miialianm tissue or secretio~ns 10dlsuma et al. 95) 'I IAlha. provedI it uI:
Grain-positive bacteria oftenx containi teichoic acid l olyinet's its tile ot some i terotropi.
substituted poly-glycerol or ribpitol phosp5lhate esters. 'leicltoic acid Thie epipil tic miend
glycerol and ribitol call he released specilically by hy~drolysis with Pt IA/phosp olipid r~e
cold concentrated hydrolluoric acid ot the lipid ext racted sedliment roatment wit re theo
(Gehron et al. 1984). With this assay it proved lpossible tot show that et at. 1978). 'I, e chel;
contamination of subsurface aquifer sedittentts induces at shift water fronm Lit pilt'
from predominantly gramn-positive to grain-negative based on thle accumnulation*PI
ratios of teichoic acid glycerol to thiosptholiic. tud oa levsphice

Tile methods described above p~rovide ins4ight ito Lte biomass stuido efot tshen
and community structure oif microbial consortia at Lte Lin of tile raioLdfotEi

anlyis 'ut u u 5)uterepcis like the aniatomty of at higher s1ui ctive formnati

organism-it dlefines Elie potential of'activities possible Ii4 this WL'FA ) ut no orini
community. P1hosphol ipids, aclenosi gte nucleotides, mu ratin ic acidl, sb izosph re show les
and the fliopolysaccharide of dead bacteria are rapidly lost troln compare to those a
marine sediments (D avis and White 1980); White et. ah. 19791); noti aedsb
1979d; King et awl. 1977; Moriarty 1977; Saddler and Wardlaw with high It eAs oft I I
1980). 't'his indicates thEle chemical maiurker's pirovidte goodI p983). oli indu a nto
estimates for thie standing viable or potenttially viable microbiota. crens ind th at o

ratioof'the ra ofli,
Nutritional Status bee 1; be Iatt

The nutritional status (if hiotitms or mnicrobial cotsortia can hei in lt environunewt
estimated by monitoring thie propiortions of specific endogenous 194 inlytl I-
storage compounds relative to Lte cellular b~iomiass. T'he iiitri- (letectt eeffectsof'rl
tional status of' nicroeukaryotes (algae, fungi, or protozoa) in pr.ior to ensuring tLI
biofilme Oaui be mtonitoredI by sueasuring the ratio of triglyceride sedimen, II her comu
glycerol to the cellular biouutass (Gehroit slid White 1982). These eiet ecm
microbes form triglyceride whent exposed in a rich medium that is by fir t urries oi

lotunercoudtimu o sarvation. With this assay it was possible Measuri tertog
to determine that aniphipiods existing in Lte estary at Lte Florida esiteraot
State University marine laboratory htave it triglyceride glycerol to tivity an allows ie
phospholipid ratio typical of' starvation. Toxicity testing with valved t applicati
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o14-s atipiliot shold lit- ulit i.h orgaiuasias it tile Starving
e toeukaryote ratio. *ilitrllot4 stia (v it' (he I-xIioilre is to li, ill Ole esilary.
pod from the ester- (e-llil-e-- tw (iIl t t!~ emlge ioisI ' I ild11A tnder con(i-

fiiOIIs witthet? n il-ai Osill iX.maremtia a caritio but huave insaill.

ive pattern Of amnide (*iew (oumd titiriitts to allow growthI with. cell division (Nickels et
acids in the 11 id A of -if 1 9791-I A utoeXeitvei~ aed i ( l(of the comipo~nents
ker et at. 1 98 11iq 4il lie 1'! IA pialytit-tr Ilemanat riited 4I mid 5i c:Ir)Fii 3-011 aEcids il

y in the definiti of ths liolylil.r., I I'inllnhy .1111i W~itee I 98:1111.. ile SXL'si(ive assay or
is possible to de t- I ' I A h~as pro~ved ~I iisef iI iiIPeins Il delitiiiig the mIitI-itioflil I .tattIs

(Odham et al. 19 ). ot"'oiit. l-tlrottIl Ill it- Iicroileuille I varluX 1 viilooIIlvI-ai IlithIi1.ts.

c acid pOlym 9 the Tlhe epiphyti I isicralugota onl Sea grils, Iliaides 11,1 it Very high
eestersy ichoic acid PI A/plaosln iilri i IIEIIIi Ol ha l wIC ilsl hIT.c IS lit) ell Vi-

Ily by hy rolysis with I*olloiiuiai itlP-l? I,( mieti ii t aiact! Iimbabl~inc(d growth (I erronl
id extrac sedinment %-C. itl11.I.Tt 'llt litaitiig activity ot' to in haiiiii-rica brown rtioll'

possible to OW thAt water fi-oll tit(- pilsejlf. plihtifti of11 tI IIiol F'Ilrida itlucea rapid
ents induces shift ac'aial. i i 'li nIII 'ItdiI Iti(tIiiihitiIlAC~

negative based the 14) oaik lt'avi's I Nic-kies et.al. 1 9791. lieccit(.y it has been1 j~ossile to
id. .1 ly thle I-laixoasiltere IlllI( lai i JI) 4.1 I nSI Icisu 111qmxi 0'. . Iiacte-
ight into the biorn s ra isoulated Irtolt tile root4 l-SWIa IM(I4'd (A, 1 enHenIV and recoveredl
rtia at the time of he ;flo~w aciv filVIoniiatioii of siglial iIIe pilospho(FIilli fiLty aicids

anatoy of a her atn OIOIinoi'IA ileeugairseoerdfo

ties pssible C r this I-lzsir Sllow hess growt h mid( larige m ioiis of' PHl A whien
tides, murami c acid, (colli ) 1red to i base a .tUhI0l to Ill rS ools (I ni d e~t al. I 9851)).
are rapidly Io from Ulcllai)1ae SIltitriw aiIIit' 54'tliieiiL4 show a nticrobiotf
Whbite et al. I 79b; wvitliha hi levelso*h 'll A rlaieto II lle iilitsipiiillid5 ( White et all.

addler and War w (931 Co00l-ai011Il ioll of'the sa1bimunrface sediaaetisit With aromnatic
arkers provide g filieiiols j uduces baicternial growtha ill the vaidose zon~e with a lie-
ly viable microbioa crvaisv ill thw iile (of '! IA laiasyiithesis (Smaith et al. 1 985). The

ritioo flhe rate of foiiit i(m1 (It'I .IA to Ill AV-w "Cm 1 1 i'eate has
been~ Atotwli to hae .111 extradr(tii lry NellittiVe uieasure ot(if'te
1111ntitt (Ivirllawlife ill (hli icteriza Imhait at l' FII iiidlyad White

jai consorti can he 198-4, IFilillit. I i 11 uwrk1 With (lhis neausiare it promved poissible to
specific end genous defect~d IIe eq-fiects of rakinisaeua el nen9 wit Isa gamrdei rake
biomass. v1h nutri (Iilir tol Ille~stiii ( Ilit, IiltteS Oif iClh4il) 19 " I tUctAiC ivIto '

ngi, or prot a) in LIA mi11(11A ift le isotope was carelnally iiecte(I inlto cores o
ratio of trigi eiride S(i1011(1le oiiuth l- ie it101 , seIirJgatvt

White 1982), hese fly fiI roajug Alurries, irl itte-ilg tile iulIaa)). theheo precursor

rich medium at is (1-iig Lioult!e isaac voiaiilell-ly iohscured lit he 'lh-as of tie rakin~g.
assay, it wa asible Nt~snagIlertii41aioIl~t111rail es goevally'icese ea

I y at tFordiv it y %i141 al1lows i.'sieuiulof, O le "IlisItillF$(Ic(? airtifict", it)-
glyceride gi erol to vialved is% the aijipliatioa Ut' hihieled prectat-sors to highly stratified
xicity testin with
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envaronmniats such 1s5(jam s(tii ~y( . 1 9851. 1 It him I 'I.1)DIoipdcn1
studies 11.1. F~ind~lay shiowedl at hierarchy of* (list urantce ii ;a tidal arIP ~~/jt
sand bar. The tindisturtaud sedimtent shtowed(tlie smlilest valIucs :
for the ratio of incorpsorattion into I'ILFA/t'lIA. hIcreaigrto activi othe to
based (on tile greater synthesis of' I~IFA (cellular growthl) and theslisN a the pre
lesser formation of* P1 IA (carbon tacctiulation) fil sand(s were kryote r"ion o
found in the course of'satad dollar fieeding and~ hioturhatjolt, anid( et al- 19 .Mi
bioturbatoa in sting ray CL-eidng pits. A still htighIer rat 10 wats both Car I and
found in areas sut) 'jectetI to wind itildtiale (Iisttarhaat ce. TI e lhghst ditlerent t rnov
ratio was fiord ii tile sediimeats sitirried iii the usual mtethtod (ift gl.Y erivedl I
I'le"suri ng in icroIbia I aact iv il.ies. Si iti tar fi mad itti.gs olt i i re-aseal rat es stag esting that
of* tlIYA synthesis htave Iteen detectedl wilhi distm taiice iii strali nhicr biota were
tied sedinets fly ittealsuring the' inicorporaitioni of*Ii1' i ado (ilyce I lphospliol
phtosphiol ipids I(Moriar1ty 0l. it . 1985 1. 8howe(: xtarmely

We have also dIevelope~d ssatsys lior ext raicellIiflar Itoly,%saictta- pulse ch seexpos
ride glycocattyx lhased oitteseiiloEeto triti cl 'zu Pttijods rkedly
et al. 1982). This ass'ay has beena utiltizedl toshow 11ha. poor gr~owt hi choline pr( ili ng
conditions stisautaite (.t(t liarniatioa oh 'tiic aidi contiitai ii ig ex - (Morrison a Wl,
opolymers by at marine I'scuidnnomirs Cflhtlingermaia Wiits. I 983 a. Analysis f4si

Uncntainatedsuburfceatqafe seli tiets ltat~i i iiiciiltiitiLion of' inass abel
with very high lvels ot ext racetlular paolysacchairi es it icd tlg speciflc activ ie a apoor nutrient. co nt(Itions ( Wh ite et ai. t1983 . Ile iiicrolaa iiitg Iitrogen, a can Icommunity thrtned on mietal surfaces exposed tot raidily fIowiig Itlloe . Iass spectl
seawater shows as rapid ;iccuanutation of uroltic aicidt coal(;lilig letiassay ofcritl
extracellular glycocailyx ats at response to mectaimical orl ctiviica thle hi fitans that
countermeasures (Nickels el, tt. 1981ta: 1981 c, WhitA! arnd Itetssoit possibl with radio,
1984). P~relimninary evidlence indicates that these piolymters halve a technicj s have in(-
role-iii increasing mairine sealimeitt sbility iNowell et ail. I1985). ing a cil I derivat a

M~tal~li Acivity al cell wa (the v*
The analyses dlescribted above allI intvolvye the( isolatioan oh coanto- (Thun lid et a I198!-:i
inents (if' mticrobial coitsortia. Sinlce aech of, I lie compotanent s .11i4 ducibly dete t a 1',,
isulauted, tile iiicorhsolraitiiiii of lttt!el istopes 1r011 pttl'(lrsitrs Clii ain
he ti ii;ed to provide r-ates of synithiesis iii tu roitver ill itrotteil 'y
designed experimnets. Mvaso renenis of the rates tat synt iesis ot,
D)NA with I11I - thaymidiate providle an estimnaste tit' I(li rate(s of* Detction
heterotroahic bacteriatl growth icare is lt akema 1.41 tiliize only short, 'Pliche 'cal metho,
incubaution times, if' isotopie diluation is utItilized top estiaiiate tarectir- nutrition status all
sor conceatraitioti, asii it' ISIA is plmiIiedl primr to oieaisii ilm114'ii ut Iizdto tc h
(Moriarty and Pollard 1982). tacorporatiomi t trS-sultte intoi consortia it the Cni

~ a.1fl~\ .- ~ ~aan a .j~u~ninilhum~~.&.t tJ~'~J&~ ~ ~'J~~ .i.V ~ i.?. A
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A 85L In is Ph.D.stilfoid p o il he ii fied to iteasmir. acti vity iii filhe inicrocuk-

Whoryotae S4 (Wile tef .11 a1980: Mormatiy vi. al. 1985). Inicorpoliatioit of'

et values Il'in'),ito 4) dttspftol ipds conl be ofiI ized as a1 ntleisure of' thle

i ncreasin ratios acivt )1I lefo itl itjihttt 1wh tj. I0. ) ~l~ltt pdsn

Star growt allo thsi it) Ow14 preic~eiC oi1 cyc.(otC Kitiide reprsvois file laicroeo-

for sands ere kar , Wif porionIl off he 1'Iipids .1I1~I5Wti~ tt ., WHO80 Moriarty

*,haurbat~ion, d et a 1. I 9851. mt tttt'tttt'tt of' laitvE' Ill syvioliesis5 aiti thit-itivtr ofi

iig br atioll dS biI carl)aid fI )fiosp tte ill indtivid utal 1111415f)l(ipids showed
ig e he h ig l0 s t d if f r t t t ur n oi v e r fi ll . ti e! V a ri o u s15 lti s . ( ly c e rl l f)1 4 s p IIo rY i-
tin l me 0(1 st, glyc(lf1 derivedi fromt phIosp)Iatidyl gJ,'l-tl s"howedt rates of' loss

ustil ie o orstlgg('stIiJg I that Oite Ittosi rapid rates (it' growth (11 (tl detrital
Pfi ncrea d rates ti icroliol.d were (of, dw or der (if' l410 loots IS (i g v( aM. (91771.

'irbatice 4) strati- 4;V4PIItIflotIi~~lO(~it( iitptIfI~i11 ~4Ilt

(it U :t~~ into sho~wedI exi re'iiv slow It ilt(Iv(' ill I ftv dvtieti til~irohita alter

ulagr polysac ia- pit Ise Choise V'xtloti~to~ ,4 V4.hee f* IV4'I e45ilsors. (1 razinig by aln-

onic acids(IFix 'o ph~iposlI miarkedl *v i)t'itS4'wi t loss of' a Iglyc.'iol p114)sphottt V-

jjutPoo grwt itolitte jlVitliliv a1 qt111i~iaha Vt estittutie of1 grazinig pressure

d ( containing ex ho-iumaldW te98.

* d White 19- Ai.Iisis 4)1 sigitmtioris bY4 ((/M'S mia kes pissile Ole liti Iiza-

tain micr iota I ioll ofi iiiss li4I)f'(I fi-ecttrsors 11,1 aret lt4 lll-aldioaltive. haUve

rides it, calitlg 100fv~i vii:tiifoII~igI('41 . iiwliuliitg is4It(11 ic iitrker f'ctr

fie micr .Outinig llii I(gtit. andt4 Caltt bv 4-1f1iciIv~l deleciet ttsittg flit. Set'liviVolt

rapidly owing mode14 1 in mass spetn''.d5islvop.Th hfi tighi spx'ri ic acti Vit * vu 11.kes pssi-

acid coni itintg IdE'! t ie assay, volcr-iicaif re~ad its osn thtl1'(0lttt~t45ill

iclor clue ici (he I itiltis I It.tl '11-1 jilsi altiivt' the italmtial levvls. l'Tis is lint

uite and lit- sonl poEssilet wilt h valiomtftv Il'Ejieciursors. fonpiu-veiittls il atitlyl icatl

,oIymners hia a 4cII Iti(les htave ittcreast'il Oliw 54'tIsiIi viiY 4)1 I his ailYsis. Ofiliz-

el ta.1 lig a chirial dlerivative ;114 itit (~Stt ilica CIilir A' with1 vileitti-

eli et al. ~~~~ cal iollnzaitillit l'gl '111 iolt deft'ion~iit o'1451(l jolts, it pr-oved

loissiftic (41144- t S'iel g (901 I',ttit oil 14, AI I -itlmut.uu from the badte-

liii, (.(.If WNall ((it ei~tivaleW i( 410: litlack-ti'l (hie sm.E oif '. C4)fi

atinI 'iix Ttild 1.1it. I'985:1t1. 111 t his talYsis it fpro)ved po~ssiblet it) ltepro-

uution I' corilpO uticily detect. a N ', eiitteut of' "'N -D-ala nt iiil file "jN-DI-
oml nts tire

pre rs rs cat,

ver in pr erly
of syntltes If' Defecttiont of ffects ll Mi iroliild ( .411sorill

()( the rates\ 'Iitct'ttt'l i114)415 ((I fi(dfCithitg filtilitass. romittlliiV siritl tlt!,

5S-imlate intoU

1'
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With these teclitifiies it hais Iti ptissiIbIe II osIIIw 5&lcres.iil
in marine litioliiiiig fi litis I Mowrisoii eM ill, 1977; Nickels e( iat. Lion b 'iproper dii
198140,I tile elle~cts of stibstriitil liodegadkiwi ilIy ii lolehie et changes mith et
al. 1978), Lte efiet ts of stihb ini iicrotitlilogy INickels et Ill. range mar edly iif
l$J8l10, tile eth-tts (i'l ilee-haeeicam destierliaoice Mickels et ill. inl experimne desi
19810c, the efferts ol amipil 'td grazi gig amiud resoutrce loirtitioli itg gas well dril Ii in i
(Morrison stool White I 980;: Siu v( ci . I 982a . Il tip kccIs of'saiuld utilized with ill
dollaitr Ili tu r Ili it i i 1) pred Ikti ot I F i I)dhy 1.1 II d WhIIi tv e 1. 1). t IIe 1i1aijs shlowed t s-A
effects of esseiuil jul emiuitaI chelation ( Nickels v( ail. 1 979). mind drop in total p sill
the elli-cts of light Illolliie et a!l. 19811 oil microial coristorti:,. unsatur aLtya

Ini experinimits ttilIiziiig ani heioc uhirum Uim lliirile se(Ii inenlts 1)Iospi lipid fatty
it wits provedl plossible to mnusmipulat~e the conmmlunity storiacture of exIIosu e to parts
the henthic micrita by shiilling hIm-11 leroillc III 1igisiereillic Celnd(i- muds ( arker et al
Lions ((uckert et oil. 1985I.Th'le littty ticid pirofi les olinaleliviendmit. It h been pos
flasks showed reproducible shift-4 when nuaiiilited ieliiicsilly pre(Iatiot at tile to
lend Rigeif Ica l. dit feremuces wilell snaun1ipilailed will) cillirent treat- through t e variou
mnents. Thei absence ofltieg chii Ilyelletic h'ltty acids inldicated biota at i base.A
tile commnii t ies we!re jlredlouliniail ly jueukarytitic &tid I lse differ- ment saunp a (edi
ences in tile plmesphllipijid ester-I iiked fitly aecidls were pirimari ly fijr mud fla (Feder
in tile propeirtimis cieyel torophSille tIl Iy .1Ciel am ite proportLions cally signii ant dil

and geometry oflie lliloiliaillllslI unt I I att ' ascidls. sedimentary icroll
grown~ thireigli twoi cycles elameiolic gr-1ol .114 and ceeipared lo or- experiments ( 'eden
gilis s; Irem n the s amiw~e iu i 11111 grown fi l fi igh two) cycles ofl si - Hilt dif etuainerobic groPwl i li 110 slw suiplemleill (i willh ssi Il'at. i lit nle 11i 1r crab.-
(I). Iliedrick tutipuil islivil i. Agail i here were. ieprIielcille sil Is ill tio (If control are.
the nuvicrolisti ceiiinuiuily si md tile as ne'lledu ill the pruffles o1h poss le to validale,
ester-I inked hlimslpllipliie Fatty acids. I ledrick alIso developed a waite nearby. The.
sensitive assity Ntr I he resfinaultily qIilinoties Frioim suhestiince saitti- 3115165a d communil
pies utilIizin il, I'L*C w i I i ete'ctrochemlica I eeeclionl. Iliziekli none Lte deg e of dilfer.
isoprenologilemseeai! lieritiee hay imlicrobles growils willh hiigh IMA-leiaiulLtle wit compar,

terllilai elctrlilJicel~l~r suh 55 i~yg~ilor ij~al l~eallaideretshallow, t bid, hig
al. 1977). NaphithKoltii noes tile fitrmed fly llactern willsi respinia- runoff and charsi
tory sysitettiq with viouims pot~eiitiai tenritinal electroin ahcceltel'S. and high bi ass. hi
As migrit have hiceil prledictedl. tilt! aierohic culture tiamnuedl t! 1111.4t salinity, 8y em wii
benzoqluinione ieltive leo naphillioeiuiiuone, t(lie flitridle stopple- nity thn, controlf
menteel alnacrillic cullur rc hned less laeimlzuinolle, (lit! still'le dilfferenc: from the
supplemenlted cuilture Ioined still leS8 besllZO(uimlomle senld thle anl- cosmns in le labor.
aerobic fermeintation form-ied the least, with time or this.-;%

The biounams, coimiility sti nictire, imidl mtet amict ivil y in The mn thods b.:
the subsurfitte ltquiftr itticrohiota that resulted Irotot telitamnil- thle microbi La and

va of tillpi
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et a tion by impropeIpr dIisposal (iicrebsoltc wastcs alt sliowedsignilicanlt
hic cliimiges ISmai l. al. 1 985?. Exjnmstia moolui(ties ii11 g
et a[ range mariked ly illllueflced the colottizatiott ohmi7oic mar11inle sanlds

et a il exeili-l. deIsiggled to (SI test~ t'h rsp4)11 Il 1 i13cides ill oil anld
g gas well dilling mluds Ismith etl. 1I982 1 1. These ml.Iii(s can lie

sand taifiyiecl ith an inials. Thew reef-bil i ig coral Atolllah-vire an -
i), 1. - 1111hiris shoiwedl dose- respo43ise ielaited( shiuts iii am 1 ii(id p~ools, a

)an drop11 ill total lihospulol iplid colitent. at shift, from. saturated to pijoly-

Cia. LliI.Sai Urated Ca.1(y acids, at I(355 (31tniglyci' iesl( 111141id an iiicit ie ill

li Jliospliolitidi fatty acidls chiaractteristic ol'bact erial iilll('Vt-imis (lit

ir of exposur~e tit parts; per million levels of oil anid gas wel I-drilling

)1n , muds I P arkei- et-al. 198,11.
iet' It. has lseii postulal ed fill- a long tine t hat cliitiigts ill rate's ol'

ica Jredatioli at the topI of est toll i Il food( vta ills Wotil 1( reveilieriate
r t-throuigh the viariouis tropduic stages mnd finally affeict (ft!e liicro-

co d hioit at its Iase. Alter devetopilig methodls for preserving sedi-

ill r- mjelit siimples i Vederle and White 1 982) and samplinig strategies

ar r tinud lbLm I ledle et it 1. 198.11) it wits possible toI 5111W stamtist i-

tio cal ly sign licanit difflerences ill f lie! coiniiinity M1 iwf-Ure ofi Ole
se(Iilmelfary byiront byOiwmtii )eltml i i ciabml id111

wa fish ait tite toll ofC tiet(( lodChinf with proely V(esigileul Vcgilig

or- 1~~'iitit 't(tl4'c.a.I913 I. TI'luese e xperi me tt s also sI owed

(5f sigitiiica. (illteences in the hii bic inicrobiota letwee'i cmili an

Lra (113 l~pedationl (lCl ild tislh caged i si(I() imid tite s-a ndoi preda-.

(i tioii (ii' cotitlrll areas. W illi tile %;tite type of ElIecligology it. was

d waters nlearily. The laboratory iiiicrocoils shiowed( icrbial Ilio-

-1 imm1"ass inu coiiiiiititiy situctutres (Iuhat wereC deltctiitly di le-ei. bt

no thie degree of ditlm'rence wits not. large and (fill not iticriase with

it' timne whlen (-onmlpared to) Ihe held in file systeni takt-n fromi .1

e t ~shallo1w, tiorbiul, highly dlisturbedt bay that is enriclwd bty -i yen lie

- ruloimad is characterized by low 11iacr35cop1ic Species' diversity
andl high biomiass. M irciimst prempared Iroma mo(re stabhle, lkigtwr

10 S..inlity. SySteuu Witht .1 11ich more3i diverse mascroscopmic comiiU-

pie -nity that is controlled by elnhent-i' predators showed a1 great

I a differenice fromi time field site. Thie ii ter tices lmutweelintill- lice'to-

an Cosmil i the hllsrn~ory alid I-lie held site icreased drastically
with Ltme inl this systeni I ederle et I. 19861I.

y in 'I'le et~.1iods basedl till (lilaltilhiiivt aialysis of cg i [tll11'Uit oi

ina- tile iliicroliotii andu its extracellular Imih 'ymeiris sho(w resitoiises to It
variety ofmiuthropmgenic iand maturol pertturbations clearly wo~rk
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but they are not the solution.ToC trulIy mid4erstsgnd I1 It(- iitrIachion~s one po io of a split heai

of microbial consortia thve analysis slioald lbe ,iil-it I-lctv' l - i lilt a raing mrrr
sitive and continuous ats well ats haeve time rt-SoltIiioi ol the sciale of' allowedto t~gon the

icrometers--thC sizes ol nicrnleial conesortia thmelves. Is such interval. C ventional s

a technique availale? P'ossibly ... scans Lte sa le with a
rncnts Lte sign fromi en
small portion oft e anal.

Te Solution 

ties to throe
T he analysis o r biolilmns based ont te isol ti n ofclivillcal sig iv- c l ne r 1.~ U nor the i n l
tures is a destructivetinilysim mid( citmstimo be4 r(eJmlyallto.idt,,slie or itrI ne t
utilized to give real-tievve imoioering ol biofilivis.Th~e jeossilility of entire spe rumn, during t.

utilizing a non-destrutctive teciiqute to itieiilgr time clme~irv eef ated, the ra dom noise of

living hiolmlms is now Isissildle with tive F*ourier triimsibrseeitig' l quadrupling he nlumb~er

frared spectrometer 0"17111). 2. lit Lte hroughpul

The infrared portion of 1.1wspectruin is extraerdietmrily rich il lizes Lte whol beam. Ci

information regardinig the vibrationtal mid1( roptamtiqeeaI itiiis (if' uiarrw .li ohu iy o the
atoms in molecules. 'Ntonly canl sivecific iiiframred imeabsrlgi.i fie mcal beam. Thu nliz
assigned to particulari types of covalent lec it it I he4 nmotificai- Lhrough f the lit n
tions of these bonds by (het( local electrmmic etiviromienlt call Ile and tusu a a porti4
detected in time details oelthe spectra Mllaecy 1958,1 Parker 19711. .hIe mbination oftI
The infrared spectrumi of a commIleutid 11,s lmnig l-VeI aICCepted aIt the 1l'Il ives an incre
one of the best nondestructive identification I-clciiimpes. mid-l It a ral range of*

One of the problems restrictmig Lte £ildlliCatioll ofI itllt'( 1983).
spectroscopy has bveen theit thme actosinic interictiis Ssisv inl flit! :. The si nal genera
infrared portion oftme spectrumare at relatively lew mergies mid ily producedi the time,
the detection is relatively itiefficitA. 'Ibit luaus pittided Ltte fill frequency spac in which
usage of the power of thmeainalysis usiig coniplex materials isolated Fourie rnfrain
fronm the environment.Ve

Trhe advent of fivst computers has made ptomsible a iiew ty)e of tion of n aern sie
infrared spectral analysis. This hsIt rv.dte lnlg Hee utr ia genean ei
utilize the far infrared Ivortions of the speectrunm. to fillow rapid terms of es and phase,
reaction rates with changes inl spectral intensity, msid tee ol izw behaved, a pie mathet
different types ofsamnple exposures such as pho~toaeciustic sped 1re)S- space can utilized to
copy. The secret lies in Ltme array prcso cosnlntfers tha~t call apDIX Lion .that wolf
perform Fourier transtovrmations so rapidly that interlerenice spc ulati f uency s;
troscopy can he possibele. 4. Fo intbrferoi

The 71/Ill has severail advantages over conventional lit Speec- freque y domains the
troscopy: achiev using equal ini

1. Tlhe Fellgett advantaoge resuilts froeim the Ijict that tI( (-leit ire' ninusoida intererograii
spectrum passes threng Litt! samltPe (hirilof, lte coi ic simall iIaI ato te irls h
interval. The spectrumi is gesernted by Lte iiimtemfeiuiice lhetweem atofte iros h
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ictions mie lirnrIin of it split. beam that is "retarded" inl that it is relecteci
e. j" Fromt a vibli i g eInilror. In tIm is wily tilt rieli e iiiierieiogra III is

Cale allhowedi LoD j~impiige oil the sainsele I hrtightIut tile esitire iiilt " Vicl

Ssouch iter!vali Ctivetstiostal spcrpitseescreate itamEi1 tiit
ISCIISListe sasmple wvitis series ofi wimvcenghs. III I liese i mist it
uivii~s tilt sigiso fromi each wumyletigili i stervaiI IccursI filr iiiy a

smsall piostioss of tile anamlyticali isterval whereits the toise cosititi-
ties tLu he gemeratedi thirouighout Lit!eitt re smalytical isul rrva . lin

;igna- the 111 ot iIt tile signal liiu the( i)015C ociChy Lite entire asimlsyIi-

led or caii issterval. U nder tile coi)dii(ions ol contiasuous muilysis by tile
-ityof eii e spectrunsl. durisug Lte Lttlme ii sigiml ohs iipIittide it is geier-

ity o0 itted, Lt(!i ruimeihoim noist! il it" i lso geiierlsted. Thbis ninans ( hat
gr 0 quadrupling Lthe nmbemlr oi'scans dloubles tithe signial to ftiseii ratio.

2. lIn tilte throughsput or Jacquinot advaisstage (lie 1-17/I itsti-
ch i IiZ7.05te Whole beutils. Conivelitioug I siiectiiild it AmSIMiers flclis a1
is rnarrow slit of light on Lte (fiffractitig eniginte to create the amilyti-

1)5 Cal beans. hus only 1s small ptortion (if" tile light eiterinig the

fica nmonochronsator is titilized ill tile aisalyticimi beamit. 'The high

n etlrouilihitittof the VVRiitiemlthiti suhirics CE lie utilizedI

1). and tits it smaller poritioss of the %amtsple Caltl le imaiy'/ed.
asTile c01iaiatism of the Fllget. amid liiictihiot. advantages in
Stile h1'/ht gives ial increase ili the signial to nioise raEtio ill thse

r mai-l1t spectral range of 2.4 orders of magniitude (Grifliths 1975;
t 1983. h inlenrtdb lil1/Itisrerraiisiu-

mnd :lly T~claeihe time dosnaiai.le 'by Ow niimi VPI ire sigal int tche

f'retiuisicy space inl which mpectra isse ustially perceived requiires it
F~ourier tratislisritiatiots. Althouigh this step preii~edu tilt ullia-

orf tiots of* interferenice spect roscuspy il iil Liae adventi ofiosodersi1 coinl-

to putters, it is actmally saidvantage. Site data described isa lotirier
id spaIce itre in -geuieral expressed as sucecessive ap~proxim~ations ill

ze t-1r111 (if' Hiiles 11i141 phsase tt'osti)4 which lit-! muathemicall Iy WellI
b~elived, sisipjle inatlsesaatical mniinltiouis (oil datill Fouh'itrier

nspasce can Im! uitilized to correct for iasel isl siftis, iivrhaitig,

asloili7a*timi etc. that wouil requiire compliaex I0Othieiilitici inlulliji-

uhistions is% fretitency spaice if' they were eveni possihlr.
4. lFor tile issterferogramis to bie tranisormied fromi louirier to

frcquaenicy donsains Lte mignial is digitized. 'This digitizii il is

ischieved uasinig equtal initervails of optical patlh thik-irrse tising the
sinusoil ii uterfesrograms from it lasser limrisu 1issuied omi an1other

n part, of Lte mirrors. The initerferogrami is digitiz.ed onice per wave-
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length of tile laser intIerlewrainrsi t Lte zero crossinig which gives oial eaitionalistt

an extraordinary spi-ctral resolutionI. O ur insh rmuseut provide~s a sa N maue sa
spectral retioltitioti tha~t is conitsiolisly Vasriablle bsetweens I0 (JSc id-con 'ning exopom

On-Iad0.25 in '. The best Coll veitioal lit spectiroisslers IV titin i hes poymersd

formnerly gave resolistiouts tof aboust 5. cut '. Thse extIremiely igh igishep~yne
resoutis~ reuly iucrzuss te iuhsritztissu osslsittifhis, ~duced y P. all ilti

5. Since at large' caipacity comspter is seqlisised to transormn cm r C-O stretc.

the signals this coisipsiter (-.let lso Ile ut~ilized (o nisstisulzte usle C - ( at WAXt W amid.

signals. The gesserstioss ol lillereisce spectra by elect ronicaslly sutl- tutrcs (if Aoi and gill

tracting before anud asfter treatiucists allows sisiusli dilliesces to lie replaces a tree week

dtce.hssml ifre csal torhricesdb lt the analysi of bacteri

Ling derivatives of tile spectra. g'"ocs y arec simlu

6. The high capacity of the tirray processors allow liur 6i4,000 bayctr orx areficals

Fourier transformns/second. This makes possible tit(! online. tulossi- bceioatfcan

Loring of successive scanss. Thew cossiptiter cat I%-- programmed it) linear co elation wit

pist.r This ctatae otse speo cificliitet fl til retly-o cat-Ito a ide 1. Usist

disc rdi scistate ie utse sfpet itits setnnby that retrlyo els. it prov possible 1
increases tile sensitivity oh anatlyses. i h irlafre

7The high signsal to noise ratio allows mneasuremient in tile in heou biflsfr-
far infrared region t1100t- 1t0 cut '). Tlhe weak vibrationts thsat propiofl te or butyrn

involve heavy metallic atoms can now be included in Use spectrm, the uns plemetited

A summary (if thle use ot hl'/l It in microbial ecology haus beetn n itrate.

published (Niclsols etaii. I 9*5h).Tlhe I-VTd Itexsasiiatit by dlilse teat nuated t,
reflectance (D)1111') of freeze-dried, powered bacterial ntostocisi- exa tio oflivint!

lures shows two miajor groups.Th 'l'l lust group is charascterized Iy .1 rotisti I ractions

dominant anmide I thietween 1690 ansd 1 650 cisi 'I and ussaide 11 olthe rmanium ci)

(1550 cat - ') bnds foiund in fEsc/erichia cola. l'seiahiniioas fluor- fhuasi p yro ossil

escens, ))esulfovibrio gigns. Slapa hxwoscas a ,iri's. (Viotri/fittn ,,,alye ca

perfringens. M'lhkyhlbaceriti its or'atuolp/ailitin. ansd Meth/ivitasin us Isimiwatr about ha W
trichoiporiumr (both the hitter grown ois msethane). Suble vasriu- siars m hacsh.st

tions in peak ratios ofseverah groups cold be utilized todihlerenti- Gendrean td lakol

isms contained all enlarged carliosyl hand tt 1740 cvi 1. This Lijotn co ati osY at
group i nch uded Biacillus sit bl1i/is. Mel/a lobacleriti its orga flo p/t ifllu ti nsecnti bouslyt i!
(grown on'methanol I, sand Nitrobuelter ivitrogruadsk vi. These find!- aad sn iti ut t
ings together with thle powerful techniqute oif sutlitraction of* oiW ters op a u 0

spectrum from another suiggest, that 1)11111 could ble utilized to Lions t at be
recognize difibrences in commisunity.srcue rlimtur ~el reqiires b nger.

ments indicate that examnaution of planktonic inicrobiota onI pre- sensitivi

extractedl filters by tDlttl"Tcan Ile correlated with a teti led exitnsti- W ith he )RII1

nation of the lipid contenst. the revers le facilit.



givyes IwO atisiiaes limuVe bmeenm identified s nimrkers Ij4 (.he Inmicrii-
des a burni mutmi fiomil slimlims. 'iTe foiirsmstion ill I'll A land( 1.1w terollj
ItO IWAcid-coum1t.11i Ii ill' e X4t111411ystcchsimride g Iyrt I ty x itre mes;pomies Ito ti-
eters t ritio sol I Mress Iili icmterim it. Ii)(1 Ho~lylmI ers CuIn le uletectedi w i1.t le

imig ll~ iAR. Tlhe posminoers, slici kis giant arimic like file glycicsm lyx pro-
ct~~ra. ~ duced by 1'. suilnuice show a% pominen~mt. ll)sorbsmlice sit. II51

lbri can fil-r ( ) Stretch. Th'le logsmrit hum of' lme ratio Almosorlism1ce Ai
Lte C 0) stretchm to laummiie I gives .imm excel lenm. coilat-itil with amix-

s Lures oCii. cohm~id gmin siblic (N ichols el sm. 1 9861)l). 'l'list amiss lysim
lii ~~~replaces it three week cliemtical hirdetu' iivodviig ( CIMS ini
1)1 -tile sins. lysis of' lmsweriul glycoesily x.'lThe I I (I V1' sjmectil not . (-fill

plls giamt siramluic *;tied oef'P. oloIcuiii imdtcee 1.41 fom msilyssm3cchmsimide
A1 0 glycoes.Ilyx oire sionihlir im npmitsrtnce. Actinielsi.ioms i IIA in

I imucterim ora mlificimI ixtrsisc'ii plus liurified PIlA. sluiw si
limnesm coiresitimi withlime risl0of ti*Ihe cumibummyl stretch Mi. I 750
cite ,to 11l~li, 1. 1I.simtg I hmee rettiiminition expierirments m-4s mmmd-

ii eia, it pro-ved 1mtsille to shiow OII'shtills i% Ill IA lenut ghytzocilyx
in Lte liofilmns fiornmed in oimmaeroliac fi-rmutegmers; L111. were -Sll~llle-

I. m~Iemited w itl Val rienis wmedmem~.Imreaiuh immdie ith L
ItI jpropiomiate or btityrate showetd sminilir Iiiilijis compmosreuh with

Ctie unsupiplemnented or Lte lujolilin of* Lte digester aumended with
nl iira I.e.

'Th)e sil.f.egmusted tolls) reilectisnce tevl I A'I'ht iskems liosSille thle
I- examili.fmmu of livimg buillm. l'hne 'W/ I C'ain detl thle vibrall ion-

retitiomi in~erm-Cioms of imifihIns siboqut :t100 tit iie time suirfice
4)1the geriilmium crystal used in I-lie AlTR cell. With this sysflemi it
1i118 proved possible to show thait. time csirlotmydrate rich isiiii

foulinmg piolymner cots thle gemrriumitiu surfitce expoed (to Sterile
ii seawmter in smlsntt 1.1 hours 6.1. 1 iickert, of tmis Ismlorstory). A
a sirmilalr systemi Islas becem utilived to flilow time clotimg seuienmce oil

Ii ~varioms phisticS insertedi immo Ltie Wlood stremin of* tivinmg sheep
n ((eidemu stood ,Jakobsen 1978). Th'lis is4 cleatrly the wily to tolluiw

hiofili IsCornuiiom land possibly to jsmtentimiily umonior krnemtm-
I t~ionms COititiustliy. Not oily is (lime ll'/lIt mos-eesti-tmct~ve, rsmfpid

anti senusitive boot it is possible to tlecresise Cte beaim size Com dillime-
ters smpproiaciig 1(0 ti which is Ltme scale of tCme iiiiciolim Ii Uteraic-
Lions tl in must be mmonitored. I ecremi ing filie area it i miss lysis

I- ~~~requiires tiinit longer airsiysis times be utilized to acimieve timesaimme
sensitivity.

Witih Lim Iur )t 'aumysis it provedI possibile tom demmomstrsie
Lte reversible f'iscilitatiomi ofecoriosion of'31)4 stuinless steel biy time
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non-sulfittc redticing imiritie baicteriaum Vibrito nalreegetts atid itsBb R.j.. and Dl.C.

extracellialar masterial tel tile stirlatce lNivens etif. 19851, There community ructure by hi
was I5-fiId increase in the cut rosioma curlrent, dlensity owaasured eaters. Appl. nviron. Mic

electrochemically Iront the 'I'.ilc consta nts aled 1Nsllril resfl an obb-Wile, . * fS. Nc

lane lwtcoreated widle the c(Peeiiizatimn of* the stainless steel estuarine detrita c. bt
disks by inicroctelnnies of* the bacteria. The Colonizat ion (1' tIhe Caldwell D.E. nil of.AI.

mnetal Blrfimce wats dletected both1 bly direct mnicroscopy ailcr Stztinl- vi lizm slid quo Litatim

ing aifld CIiflu~rescenlt illheiiniiitiiiii. )icanItlig le. (trtflll loicros- ncltidaltml an mm

copy, and1( by 4111 inlcrease in) tice D)( IM4 ahltllwbee lit the *aiiit I micrqobinl issonmand physi
area centered at I166) cin Ico)rrespondIing to the bacterial pro- Vrlum'n A.. P~.D. Nach'
Leini. Maxiniumin rsites ol corrosion weresiissocianlegl with tile smpIH!r- lipalpolytta aride ratty aci

alice of extracelluhur muaterial witlh it spectral oinititioi 4teluILIP(l J, Lipid Res 6: 982-988

a 44 cn ioVrt actmhdoie eoii h azio. 5. ,D.J. Ilifin

At. ms imiar a ctictam Ild~oi(I. Iea~~lvllgtheuronic acids a unntittitive
bioilm, p)articullalrly the calcitint hydroxide with its abhsorption at, polestr vironmel'

- 1440 cut- , (Iecresticll (i e corrosion cuirrent density I0fihdd. Ili Federle. T. . and D.C

this instance bol.1 tile presence ol'a tnon-stltte redticin.g bacteriutiti lipi alyaia of on' a

and its extracellular p~roducts reversibly tucilitated corro~sion of* ron. i iol. 44:. 166-It

stainless steel in senitter. r T.W.. A. Its

[Developmnent, ot the Fi'7i 1 offiers it potetially rapid and1( non- l98"1,1n. LiM di butiom

destructive nietbuc1 to exantite Lte etle-cts oh' toxicaniis onl hiolhns Appi. Enl 'ron. Me isel. 4

on the scale m1the mnicrob~ial consorti. I'I1C Coitledl development Federi T.,W." R.,J. l ,ivi

of' (lestitctive analytical mnethomds call be Lte etssential validation Lion or elu m e aedimenfil

for lit signatures. M crlc that R1. 3:8vm

resnrh iu Itive sari if microbi;
T'hiOUenmiimiiniritl'm livamafi ( ICE liiiX'F 819Ti-~u 1 laleiii4h.., mic and t field. C.-

ogramphy Se-ctin mtf I lic Nml icmil .Stie'mmct htmldaitimi, NAI 2 I-1 o Oil-i. Adl- i to R.11. nil[).(

aaty (Consfortiuin *lmiit 114'inhIrm.m-srl ogaimi off Off- Noutmmisil Aa'miiael rNa miiSpc. 1.co 7:vnedliterip avidmm )1m .maam NA.it ii mm AS.Aii' lmiv'r Uill a ma ori4i

Adnuimrmtration. ceimulr'toNENNIllI 4$2 C0111-ft ini IN0I II ic3 KINIA6 to folio I fit- Findi n. M.I 2.

S. Kerr Emuvirnmetisil lt'azrl dlmmmr.miii amodpimuo.iimm too I'14 1412 4150l 45:71 7$.-
froin the Gulr llretow Emivironmiemiti iteaearcii 1issliramlory fit (OK- bmvirestaisenmtmi Finidlay, I., end D.C

Protection Agency. ity in aquatic to vironmeli~

. lay. .. I --. W

- te'cenesdeter in mu asic aicid

Blellamy, L.T. 1958. 'floe inirired spiectra lcoimmpies niaiiecule Wila-y , New Live minestion t il

York. rine Isa: evidence fi,
Rtobbie. R.J., 8.3. Mmrrimon. itself O .C. Witie. 1978. F#rtwrlx ut' aiutitaW iim- nF adI

gradnbility on the muissai nd ivity tof tile amoiiewated frootuaritte mmicralitit. Apmpi. tion tionel ciectrom

Environ. Microbiao. 3l5:71) 1)44. rini. 94: 1867.
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1. SUMMARY tional requirements. Reduced sulfur (elemental
sulfur, hydrogen sulfide, or thiosulfate) is the

The polar lipids of 5 species of Thiobacil/usr characteristic substrate for oxidation by these
were extracted and purified. An analysis of the organisms, which produce sulfuric acid as a
fatty acid composition of the polar lipids docu- metabolic end-product. These bacteria have the
mented the presence of methoxy. cyclopropyl. ability to survive external pH values between I
monounsaturated and hydroxycyclopropyl fatty and 4. Their acid production has been cited as a
acids of sufficiently unusual structure to serve as mechanism in the biodeterioration of concrete
Isignatures' for the presence of these organisms in sewers III and utilized commercially in the re-
environmental samples. The structures of the un- covery of nmetals from leach fields, (21. In both of
usual fatty acids of the polar lipids were con- these areas the quantitation of the role of thioba-
firmed by mass spectrometry (MS) after isolation cilli in the environment, by 'analysis of a paramne-
by capillary gas chromatography (GC). ler which could be related to bacterial numbers,

would be a useful measure and might replace
time-consuming and often unreliable cultural enu-

2. INTRODUCTION mneration techniques. Analyses of the membrane
fatly acids indicated that unusual fatty acids and

The thiobacilli form a group of acid-producing. ubiquinones were present 13 -71 and those find-
aerobic. Gram-negative bacilli with varying nutri- ings. at least in principle. suggested that mem-

hranC fatty acids could he used as quantitative
*To whom correspondence should he addresed, signatures for the thiohacilli.

016K-6496/86/S03.50 4) 1986 Federalion of VuropeanNic. io.dS.:te
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In this sludy ' unusual' fatt acids oil thc polar I 131 sup'pleenited with Na S,(), -5HO 5.0 g. 0.1
lipids were detected. These polar lipid fal acids g (aCl per I with 0.1 mM biotin at an initial pH
(PLFA) are sufficiently unusual to he utili/ed as of4 6..
'signature' patterns for the'group as a whole. T d iluj/h.s acidnphilus ATCC27807 was grown
Preliminary examination of the PLFA of 5 species i tie medium of (uay and Silvei (141. with
of acid-producing thiobacilli suggests that patterns glucose 10.0 g (added after autoclaving) and yeast
of PLFA could he used to define the species. "The extract 0.3 g/I at 250 C with stirring and an initial
PLFA pattern shifts with culture age. The propor- phl of 3.5.
tions of 'unusual' PLFA such as the branched- Organisms were harvested by centrifugation at
cyclopropane. methoxy. and mid-chain branched 0(XX) X.q for 15 min at 4*(". washed twice in
acids accumulate with time. phosphate buffer or growth medium minus energy

source and lyophilized.

3. MATERIALS AND METIIO)S 3.3. /I-wraumi
lhe analytical sequence utilized for PLFA

3.1. MaterIals analysis is diagrammed in Fig. I. The modified
Solvents were distilled in glass and were of one-phase Bligh and Dyer extraction was utilized

residue analysis grade or beter (Baker Phillips- for all samples 1151. )uplicate samples were ex-
burg. NJ). Standards and derivatizing agents were tracted separately and all data is expressed as the
purchased from Supelco (Bellefonte, PAl. Applied mean of two determinations. After the overnight
Science (State College. PA). Aldrich (Milwaukee. separation of the lipid and aqueous phases in the
WI). Sigma (St. Louis. MO). and Pierce (Rock- second stage of the extraction. (he organic fraction
ford. IL). was filtered through fluted Whatman 2V filters

and evaporated to dryness under a stream of
3.2. Organmn.r and cultural cmnditimis n i t rogen.

7i6oha'i Ius thiooxidan.s A'rC( 19377 was grown
in modified Starkey's medium 181 at 250 C on a 3. 4. Pohr hiid iolalion
rotary shaker. The medium contained Ku11'04 ,  Silicic acid columns were prepared using I g
3.0 g; (NI14 )2 S0 4, 3.0 g. MgSO 4 " 711,0. 0.5 g: Unisil Il M)-20) mesh: ('larkson Williamsport, PA)
CaCI, 211,0. 0.5 g; NaSO.- :/ilO. 10.0 g; with activated at 120'C for 60 min and pre-extracted
I nil trace elements 191 per I. The final pli was 3.5 with ciloroforni. Colunis were prepared with tie
after adjustment with sulfuric acid. Organisms approximate ratios of 50: 1 stationary phase to
were harvested in late stationary phase. lipid (dry wt.) and 1.7: 1 stationary phase column

T. ihiooxidans strain K-6 was isolated from the bed height : cross-sectional area. 1otal lipid was
Hamburg sesZer system I II and was grown iii the applied to the top of the columns in a minimal
S-5 medium of -lutchinson et al. 1 l0J st pple- volune of chloroform. Sequential washes of 10 ml
miented with 10.0 g/I of NaS,() . 511,O. at an of chloroform, acetone, and methanol eluted the
initial p1i of 4.5. neutral. glyco-. and polar lipids, respectively. The

Thiohacillus no'ellu.s AT('('8093 was grown at polar lipid fraction was dried under a stream of
pH 7.0 in Starkey's medium 181 with NaS ), as nitrogen.
the energy source as described 1I11. Organisms
were grown on a rotary shaker at 250C. 3.5.5. Mltd al/ Alhnc Pm'lhatli.vit

Thiobacillus neapoliamn.s strain 11-2 was isolated Tlhe mild alkaline melianol sis procedure 1151
and characterized Il, and grown in the medium wkas utilized to prepare methyl esters of the ester-
labeled Thioh'acillus litoparu.s (of Vishniac and linked fatty acids of the polar lipids.
Santer 1121 at an initial plI of 6.6.

lhinbacillus milernedn, strain I)-14 Ill %%as 3. , 77,,i /aver chromatographt"

grown in the medium of Matin and Rittenberg Ihin layer chromatography (II-.) on What-



Lyophilized Sample tion of (lhe plate with 0 .2 5e% w/v) ninhltdriti in
acetone/lutidine (9: 1. %-/%vt 1161. The hantds oin

Lipid Extraction (lie unspraved portion of the plate were recovered

IicAi in at Pasteuir colun and e'luted with chloroform/
FricionAtion met hanoi 0I : I and 2 : 1.%/vt).

Fractonatin1'th FAME and OI(FAME were separated
Polar ipidsusing ascending chromatography with hexane: di-
Polar Lipids ethyletherl (:1. v/vt. *fle FANIF hand (R, 0.65)

I ~~and 0111-AME hand ( RIrcve
(Mild Alkline Methnolysis) .25) %%erereord

MildAlklineMetanolsis and eluted with chloroformi and chloroform!/
miethianol (I I . v/vt.Lipids*(.

TLC 3.7 Aci /1((1 tha'Iuuoixjx~7 I ~ The aiiinolipids recov'ered from (lhe 1L(I. plates
were subjected to acid mnethanolvsis in aihydrcuis

OH - FAME Amino Lipids etal/ocnred I IC[/chloroforni (10tt:
FAME I :I. v/v/vt amfter heating at 1(WtC for I It. The

/(Acid Methonolysis) 0111FAME were recovered in chloroform.
TLC 02

A/1
OH -FAME FAME Lipid 3.8 g Ierivarmitaions

f Trimiethykilyl ethers of OIIFAME were formed
(TMSi) 1-H2 ) ( DMDS) (TMSi with N. O.-his-(trimeithiylsilylt-trifluoroacetamiide

W -A CMS (BSFTAt (Pierce) (171.

.. (GC/MS) (GU/MS) (GU/MS) ihe position and geometry of the nionoun-
saturation in the FAME and OH1FAME was de-

Fig. 1. Diagram of the isolation and anaitsis of ihe PLFA or termined after two procedures. Diniethyl disulfide
the acid producing thiohacilli. TLC thin laver chronialogra- (DMVDS) adducts were prepared as described 1181.
phy: OHFAME and FAMF. hydroxy- and (atty* acid nictiyl These derivatives increase the resolution between
esters. TMSi. trimethylsilation; It-. hydrogenation in acid: vis and trans geometrical isomers in capillary GiC.
DNIDS. formation of dimeihvt disulfide. adducts; 1)-A. tormia- Diels-Alder adducts were prepared fromi thie
lion of Diets-Alder adducts. niounsaturated FAME and 01-IFAM Ii utilizing

5.5-dimiethoxy I .2.3,4-tetrakchlorocveloipenta-,diene
man K-6 silica gel (0.250 mil thick) was utilized (Sigma) uising the modi ficat(ions dIescribe(] for
for purificatiob. The methyl esters from the polar hacterial fatty acids I1191. In hoth these procedures
lipid fraction were applied in it strip to the origin thie fragments from the omnega ( w) or aliphatic end
of the TLC plate that had previously beena divided oif thie molecule -and the delta (A) or carboxyl end
into a large mid-plate channel with two narrow oif the molecule are clearly evident.
channels on the edges. Authentic fatty acid methyl The position of the cv, clopropane ring in the
esters (FAME) and hydroxy fatty acid mlethyl [AME c all he determined after hydrogenation inl
esters (OH1FAME) were applied to the outside the presence of Adam's catalyst of PtO. with thie
channels and the plate placed in at tank for sep- esters dissolved in methanol glacial acetic acid
aration by ascending chromatography in a solvent 0(: 1. v/vt uinder a hydrogen atmosphere (140
of chloroform/ methla nol/wa ter (55 :35 :6. k Pa) at roomi temperature with mechanical agi-
v/v/v). The silica gel hands corresponding to the tation for 20- 40 It in a Parr hy 'lrogenamtion ap-

* FAME and OFIFAME (R, > 0.8) were scraped paratus (Moline, ILt 1201. These derivatives give
from the plate and the fatty acids recovered with fragmentation patterns at branch points on either
chloroform/ metha nol (2: 1, v/v). Th le position oif side of thie original cyclopropane ing. Similar
the aminolipids was identified by spraying at pot-- treatment oif the 2-0 Ilcv [A NI did not yield

'ii: ~ .,N
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fragments allowing determination of the branch 3.1. F'uttv acid nomenclature
points. Fatty acids are designated as total number of

carbon atoms: number of double bonds with the

3.9. Gas chromatcgruph' position of the double bond nearest to the aliphatic

Dry FAME or OtiFAME were dissolved in (w) end of (Ie molecule indicated. This is fol-
hexane and the internal standard of methyl non- lowed by the suffix c for cix and t for trans

configuration of monoenoic fatty acids. The pre-adecanoate added. Samples of 1.0 it1 were i njected fixes i. at. or br indicate iso. anteiso. or branched
onto a 50 n nonpolar. cross-linked methyl sili-
cam(position undetermined). Mid-chain branching is~cone-fused silica capillary column (0.2 mnm W~..

Hewlett Packard) in a Varian 3700 GC. A 30-s indicated by the number of carbon atoms from the

splitless injection with the injection temperature at carboxyl (A) end of te molecule and Me for the

250*C was used. Hydrogen at a linear velocity of methyl group. Cyclopropane rings are indicated
35 cm/s was the carrier gas with a temperature with the prefix cy and the position of the ring

programme starting with an initial temperature of from the aliphatic (w) end of the molecule. Hy-

80*C. The initial 20°C/min rise for 3 mm fol- droxy fatty acids are indicated by the number of

lowed by a 4°C/,nin rise for 30 min and an carbon atoms from the carboxyl end of the mole-

isotherial period for the remainder of the 40 min cule followed by the prefix OH. Methoxy fatty

program was utilized. Detection was by hydrogen acids are given with the number of carbon atoms

flame (FID) using a 30 mI/mmn nitrogen make up from the carboxyl end of the molecule followed by

gas at a temperature of 290'C. An equal detector the prefix MeO.

response was assumed for all components. Peak
areas were quantified with a programmable 4. RESULTS
laboratory data system (Hewlett Packard 3350
series) operated in an internal standard pro- 4. I. Structural confirmation of the unusual fatty 01
gramme relative to known amounts of internal acids of Thiobacillus spp.
standard. The data in Table I (I) show the mass spectral

fragmentation patterns of monoenoic PLFA of 16,

3.10. GC/MS 17, 18 and 19 nornal and 10 methyl branched
FAME and OHFAME wore tentatively identi- 18-carbon monoenoic acids after fractionation by

fied by co-elution with authentic standards sup- capillary GC. Fragmentation of the Diels-Alder

plied by Supelco and Applied Science Labs. or adducts and dimethyldisulfide adducts showed the

previously identified laboratory standards. The same position for the unsaturation in each acid. In

analysis was performed on a Hewlett Packard part II of Table 1 the evidence for the position of

5996A GCIMS with a direct capillary inlet utiliz- the cyclopropane ring in 17- and 19-carbon chains.

ing the same chromatographic system except for following ring opening hydrogenation. is pre-

the temperature programme which was begun at sented. Mass spectral evidence was obtained for a

100*C and increased to 280*C at 30 C/min for a 21-carbon cyclopropane fatty acid which showed

total analysis time of 60 min. The electron multi- fragments at ui/: 55. 69. 74, 111, and 129 and

plier voltage was between 1400 and 1600 V. the also showed the expected GC retention time. Part

transfer line maintained at 300°C. the source and Ill of Table I shows the evidence for a-hydroxy-
analyzer maintained at 250°C. and the GC/MS cyclopropane fatty acids based on the fragmenta-

was autotuned with DFTPP (decafluorotriphenyl- tion of the trimethylsilated methyl esters. Parts IV

phosphine) at n/l.- 502 with an ionization energy and V of Table I show the evidence for methoxy

of 70 eV. The data was acquired and manipulated 18- and 20-carbon fatty acids and mid-chain by-

using the Hewlett Packard RTE 6/VM data sys- droxy fatty acids.

tem. Other conditions were as described previ- 4.2. 1I.': patterns of Thiobacillus spp.
ously 1f201. The proportions of the PLFA in 5 species and 2

%%



:4~ Table I
Thirrwhu spp. polar signature lipids

Characteristic ion fragments. I pp/: ) oif: 1. IDiel-Alder adducts and dinieit ldistelride adducis oif ii-mo.uiisafteraied fait acids: 11.
products obtained following ring-opening hvdrogenation of cvcloprropyl fail% acids: 111. h,,tdross failt, acids: IV. inethovsv fatty acid%:
V. mid-chain hydi-oxy fatty acids.

Compound class/ Ion fragment On9/:)
fatly acid

I Mono- unsat uratled lDicls-Aldcr )Idducgs - ~ icl'Ii~licadducts
fatty acid IM-IlCIl J11sag .-rag. M .31-rag. w.IFrag. ____

16: 1wlO 495 367 379
16: 1w7 495 409 337 NQ2 217 145
16: W5 -362 245 117
17: Iw9 509 395 365
17: 1w8 509 409 351 376 217 159
17: Iw6 59437 323 376 245 131
017:l5 - 13

18:1 W9 523 40936
18:Iw7 523 437 337 30245 14S

1
8
: 
1
W5 523 465 309 3901 273 117 -

III 1W9 5.37 423 365 231 173
19: lW8 5317 437 35! 245 159
19: 1w7 537 451 337 - ~ 259 145
19 : 1w6 537 465 323 404 273 131

lOMeI8: 1w6 - - 4(4 273 131
IIMelS: 1w6 - 404 273 1117

If Cyclopropyl Products Ni Otlher enhanced ions
fatly acids f

cy 17: Ow7.8) 9MC16:0) 284 157. 195
I OMcI16: 0 284 171. 199
IOMOIR:0 312 171. 199

CY19: OW8,9) 11IMeI8: 0 312 185. 213

III 2-OH-Hydroxy fM-I 5 1t59 Othecr major ion fragments
cyclopropante acid 9

2-Olcyl16: 0 341 297 73. 89. 129. 154
2-OlicylSl :0 369 325 73. 89. 129. 159
2-OficyI19:O0 383 339 73. 89. 129. 159

IV Methoxy Major ions Other it'l fragment,
fatty acids

IOMeOlS:0 157. 215 55. 59. (19. 5
I IMeoIs:O0 143. 229 55. 59. 69.8X5
12MeO2O: 0 157, 243 55. 59.169. 85
I3Me02O: 0 143.,257 55. 59. 69.895

V Mid-chain major ion ()erinrriginiI

hydroxy fatty
acids

I11-01119:0 215. 287 71.947. l2k9. 151)
13-01119: 0 187, 315 73. 47. 129. 150

See MATERIAL.S AND) NiFTrIIs for description of mionotinsaluratcd faitv acid tlcris atiatitin procedure%
SA-Fragment indicate- fragment including carhosylic end of the niolcctilc
w-Fragment indicates fragment including aliphatic end of the niolectice

d Not detected.
Identified based (in iretention tirnic and tire presence oif at 1.-321 fraigmewi

Brat nched -chatin cv2 I : 0. hrcy 20 :0. and normal cv.20: 01 detected hAled ott GI ( rcei, 9. m9 9 imic m191id na- pcciril dia befo rc and

after hydrogenation.
It Chroniatographed ats ( I MSi ether

Prefix indicates position of methosy gro~up frto tire carhiis'.ic eii. oh the iii,'ciile NMai'or tins ire tioit, frigmeii.iioi oni either

tide oif the nscthosv group.
Prefix indicate% piosition of hydroxy group from tire ci rhi Cs'. i (c'11 th. e in. deco!,- %I ip. r Ion,5 icihk9 fie doe , to i ,9it e ,c9ithr

sieof the O1'MSi group.
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strains of one species of acid-producing thiohacilli from the others in having higher proportions of
are listed in Tables 2 and 3. T nietyw ilantav and normal saturated PIT"A such as 16 :0. and 17 0
strain K-6 of T ihicitx.vhms are clearly different and low levels of cyl 9 0( w8,9), which is a major

Tahl 2

I-scr-linkcd faiv acid cmipo,iln in tw polar lipid o1f I fft, llui.P. 1. N,-hIr .% fall , at.ds

Faliv acid% listed in irder t. cliiiin from (;I ( I ItIc" c.Iinpntis - 11.37. A. It. anl'd C mec mIllidInisie'd. * iidicd;lcL- i unrelkvCd
c..Oniip.ncolls. MeMIlR:10 c'nt;ain , 

cquivalcii inl i'.n ,4 II and 1() mlth, v hranchc.. Iolal I-AMI" rcprcscmnt the I,9al aniount of
sample analved. Iach value i% ihe ,nican i*f . 2 deirmiiilit .,.n.

mici Slrai~~i (niW'I I ~------- -- ___ -- ___________-Fall Acid .lrain (mnl li I

I- a(uhilhilm I e 1 nII F neuptohaim, 7 mm'"III411 I' III,'mdikint 7 lhuoohlum,,.

27807 I)-4 11-2 8093 14377 K-6

13: 1 2.02

14:0 0.10 1.64 .29
15:0 3.79 41.22
16: I 10( I RACE
16: I,7(" 0.15 0 1.6 15.1 TRACE 1.115 9.19
16: 1 w7T (.1x1 (1,11

16: 15C 0.39 TRACF 1) 22
A I RAC' IRAC- TRACE I RACE
16:0 3.54 15.0 28.5 14.1 11.1 36
i17: Iw5 01.17 1.24 ()1

17: 1 o9C 0.25 1 RACE tRACE
17: 1. 8C 1.55 TRACE (036 iRA(I"
17: 1 o7" 1.26 1RAC-. I RAC'
17: 1 w6C 0.16 TRACE 0.59 '1 RACE 2.20 IRAC

cy17 : IX w7.8) 9.46 1.20 '1 RACE 166 TRAC.
17:0 TRACE 2.64 4.61 2.34 1 RACE 5.56
I8: ICW9C - TRACE TRACI rRA(E I RACE 0.54
18:1 w7C 4.08 4.77! 37.0 10.7 1.66 * 392

18: 1.7T 0.25 J.86 /1. I (6 (32

IS: I45C 0.39 (.95 0.93 0.5(0 1 50 tRACE
B TRACE 0.52 1.31 4) 99

18:0 4.53 9.10 1.65 6.24 8.36 2.8
MCO18:0 0.49 0.62 0.29 069
IIMeI: h6 2.80 2.35 1 1.16 0.7

I(Mel8: 1w6 2.70 3.62 1.33 I )f

19: 1Iw9C I RACF IRAC(I
19: IWRC TRACE 1.04 0.37 1 RAC- IRAC

19: I 7C (.62 1 RAC IRACE
9: 1 w6C TRACE I RACT TRACE

cvI :(X W8.9) 59.1 25,.6 1.52 43.4 441) 4.24
hrcy20: 0 0.63 IRACI. 1.51
cy20:O0 12.2 I116 0.34 9.14 ,It 1.35
C 'IRACI TRACI I RACE 'I RA(IF
13Mc(20:(0 1.43 1.45 0.87 ((99

12Mke()20:0 1.42 1.41 1.2) (95
hrcv21 :10 30) 1,09 2.55 21
21:0 1.25 2.6(0 2.55 ((98

ilal FAME 2 5(1 415 769 48 13 2 .50
(nnul)
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Table 3

E-ster-Iinked faity acid compokiiiiii the po'lar lipid of t'huitil %pp, I. I. ldrtos faut, aicid%

Faltv acids listed in order of cltion from (;I.(' 1 race coimpnents < 11.31T A and It indicati 2-(011 and 3-()IIIAMI't. repcctivelk .
* Indicates sigificant aimounts of 3-()Il AMI" found in the anninolipid. t'he ,uffix A or B inlicaic%1hci ma isomer as dewermined
by (G(C/MS. Total 011tEAMIE represcnt, th total .amount analited. I:adh value v, the nwan of 2 deterninaiion,

Fatty Acid Strain (nol'f )

7' aid,,phih. 7' ,g o'r,,'ds T sieapohlaiinuis ,u-e/iu.s 7. thumtdain., 7' thitxi dans
27807 )-14 B-2 8093 19377 K-6

A/BOIt4:0 27.3 * B 0.59 A 5.95 B 3.03 * 12 1 * It 5.74 * 8
A/OIII5:0 1.57 * It tRACE
AOIICYI6:O 6.44 29.2
A/BO116:0 1.04 * B 53.6 "A 10.9 A 9.22 * It 31.9 * Ii 25.) * It
A/b01117:0 1.28 0 3.23 A 3.43 * A 2.69 * A 2.95 A
AOIICY I :O 0.64 I L) 38.) IRACI 1.37 1.61
A/HOIII8:() 66 2 * B 5.27 B 5.72 A 65.9 * B3 5.73 22.6 * IB
AOItCY1Q:0 0.90 15.3 8.02 5,40 43.4 42.2
1101119:0 2.)3 1.18 2.37 0.43
1301119: 0 2.03 0.91 10.7 0.85
B01122: 0 TRAC'I
Ratio ( x 1001
OIIFAME/OHIFAME
+ FAME 6.25 12.3 1.50) 13.6 28.5 15.2
Total OIIFAME
(nniol) 40) 63 11.3 56 125 222

* 4

component of the other 2 species and strain 19377 and fragments at m/: 73, 89. and 159. The 2-
of T tiuooxidans (Table 2). T. neopolitanus con- OTMSiFAME showed the diagnostic M-59 ion

tains the highest proportions of 2-OH cyl6:0 and 1211, as well as major fragments at Pn/z 103 and
2-OH cyI8:0 in the PLFA (Table 3). T. neopo- 129. The 3-OTMSiFAME show the definitive
litanus contains the smallest proportion of fragment at Pn/: 175 plus the rearrangement at
OHPLFA to PLFA of the 5 species. T. th/ooxidans in/: 133. and m/: 159 and 131 117.211. Mid-chain
K-6 is similar to T. thiooxidans 19377 in the high OTMSiFAME showed major ions attributable to
content of 2-OH1 and 3-OH 16: 0 and 2-OH cyl9 : 0 fragmentation either side of the OTMSi group.
than the otlfhe species. T. internedius and both
strains of T thiooxidans contain high proportions
of 3- and 2-OH 16: 0 in contrast to T. acidophlus 4.3. Shifts in the PLFA composition with time of
and T. novellus which contain high proportions of iculbation
3- and 2-OH 18:0 (Table 3). The nonhydroxy The incubation of T. acidophihis in stationary
PLFA of T. acidophils. T. novellus. T. inter- phase for 18 days resulted in a progressively de-
niedius, and T. thiooxidans 19377 show similarities creased yield of cells and a marked shift in pro-
with relatively higher proportions of MeOI8:0. portions of the PLFA (Table 4). As the culture
cyl9:0(w8,9), 10 and IlMel8: Iw6. 12 and ages the proportions of "typical" PLFA such as
13MeO2O:0, cy20:0, and brcy21:0 PLFA than 16:0 and 18: 1h7c decrease. No change in the
T. neapolitanus and T. thiooxidais K-6. proportions of 14: 0. 18: 0 and the major compo-

The tentative structures of each of the fatty nent cyl 9: 0 is observed as the culture ages. The
acids listed in Tables 2 and 3 have been confirmed proportions of the 'unusual' PLFA such as the
by GC/MS. The trimethylsilyl ethers (IMSi) of methoxy and mid-chain nethYl-branched, the
the OIIFAME showed an enhanced M-15 ion, branched cyclopropanc. and cyclopropane 20-
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Table 4 orgatnisms ink) 'cheniotypes'. Nichols et al. 123,241

Change in the proportion-. of polar lipid .ester-linked faul~ acid found unusual pa( 'terns of unsaturation in the
composition of Thitoaci/u-s acidapihou with growth mloeno)Cl(ic IPLFA of thie miethane-oxidizing

Fatty acids listed in the order of etution from (;LC. * indicates hacterian oi(h(le pathogen Francisella tularensis.

unresolved component%. Trace components not show&n. These 'signature' patterns were sufficiently unique

Fatty acid 6 Days 12 Days ig av for detection of these organisms in environmental
(mol%) (Inol%) (Mol'%l samples 123.251. Guckert et al. 1201 used changes in

14:0 0.11 0.21 0.10 the proportions of mionoenoic PLFA with defined

16: 1 OC 0.90 0.16 0.15 positions of unsaturation to indicate the shifts in
16:0 6.00 2.81 3.54 tlie herithic marine inicrohiota from aerobic to
17: 1 w6C 0.23 0.10 0.16 anaerobic growth. InI a later study. Guckert et al.

1:I.7C) 18.0 12.2 4.08 1261 showed thie accumulation of trans monoenoic
:8:Itj7T) 0.34 0.25 1

18: liw5C 0.44 0.35 0.39 IPLFA correlated with the starvation response in
18:0 4.65 4.86 4.53 hr co'r.

Me~8:00 .41 Two methods of defining thle position of un-
IM1 Mel 8::0 w6 !08 * 6.78 * 2.80 saturation inl PLFA have been utilized. The data
t0OeS: 1I6) 2.70 in Table I show that both derivatizations con-
cy 19: 0 68.6 51.8 59.1
brcy20: 0 1.09 (0.63 firmed the position of the unsaturation. The un-

cy2O: 0 12.2 12.2 usual unsaturation positions- of w 5. 6. 8. 10
I3MeO20: 0 1.15 1.43 together with thle common w 7 and 9 were all
l2MeO20:0 1.24 t.42 present in thle PLFA of the acid-producing
brcy2l :0 2.62 3.00 thiohacilli. Iso and mid-chain branched monoun-

*21:0 2.11 1.25 saturated with w 5 and 6 unsaturation were also
Final pli 2.55 2.75 2.65 detected (Table I1).

Yiel (g/) 20 1.4 0.7 -Cyclopropane fatty acids can be defined by
creating the 2 mid-chain methyl branched isomers
by hydrogenation of the cyclopropane ring in acid

carbon acids as well as thle 21-carbon acids in- at elevated hydrogen pressure 120). Cyclopropane
crease as the incubation is prolonged, rings are formed from monoenoic esters of specific

phospholipids in the membranes of bacteria 1271.
Their formation with tile concomitant decrease in

5. DISCUSSION mionoenoic PLFA occurs in monocultures that
uindergo metabolic stress suchI as stationary phase

5.I. Structural identification of unusual PLFA fromt growth 1 291. The same phenomenon has been de-
Thiobacilhis spp. tected in the benthic marine microbiota 1261.

The unusual fatty acids from the phospholipids Methoxy PLFA are extremely unusual in mi-

of the Thiobacillus spp. were tentatively identified crohiota. (;reat care must he taken to prevent
from their retention times when compared to their artifactual forniation front cyclopropanec falty
authentic standards. To define thle structure of thie acid esters. Acid hydrolysis in metchanol leads to

PLFA, derivatives were made and the structures thle formation of niethoxy derivatives of cyclo-
confirmed with their fragmentation patterns utiliz- propane fatty acids 1291. The decreased yield of
ing ElMS. cvclopropane fatty acids in bacterial lipid prepa£. -

Previous work has emphasized thie importance tiots formed with acid hydrolysis has beeti known
of the position and conformiation of thie double for a lotig ltme (301. A niethoxy fatty acid has
bond in monoenoic PLFA in defining specific been defined hy (V C/MS in thie lipopolysac-

groups of microorgan isms. Gillan and Ilogg 1221 chiaride-lipid A oif Thiohacillus ferroovidans 1311. It
used the position of unsaturation in moriout- vaN. tis paper that encouraged us to examine thle
saturated FAME to classify sedinentarv micro- lipids of other 71,whactlus spp.. using the mild



alkaline methanolysis procedure. for signature [he use of patterns of 1I.1:A to define the
PLFA that could be utilized in environmental communitv structure of microbial consortia have
studies. been utilized to show detrital succession, the effect

Hydroxy fatty acids show retention time shifts of disturbance, or predation in marine sediments.
after formation of TMSi ethers and give the dis- the response to subsurface aquifer pollution and
tinctive fragmentation patterns with GC/"IMS in environmental effects testing. The effects of
described in Table I. Both mid-chain and 2-O11 shifts in the microhiota biofouling and corrosion
and 3-OH acids were detected in the I)LFA of the studies have also been reviewed 132 351.
acid-producing thiobacilli.

5.2. Definition of unique PLFA 5.4. P1.A ti the dejoition o/ mrobtal nutritioal

We believe this work provides the first docu- S/IaII.

mentation of the presence of 10- and H - The data in lable 3 indicate that prolonged

Me18:l6. cyl9:0(8.9). 10- and II-MeOl :(. incuhalion (if 17 (uidoph/lu. results in a great

12- and 13-MeO2O:0. 2-O1tcyl6:0. 2-Olcyl8:0. increase in the 'unusual' long chain cvclopropane.

and I1-OH-and 13-OH 19:0 in the polar lipids of nethoxy-branched and mid-chain-branched noo-

bacteria. Knoche and Shively 161 reported 2- noenoic fatty acids. Preliminary experiments have

OHcyl9:0(w7,8) in the ornithine PLFA of T. shown that a number of these 'unusual" fatty acids

thiooxidans can be readily detected in concrete samples ex-
posed to these organisms 1361 suggesting that they
exist predominantly in the stationary phase in

5.3. Differentiation between species of Thiobacillus nature. Guckert et al. 1201 were able to show
Five species of acid-producing thiobacilli form higher relative proportions of cyclopropane as well

patterns of PLFA that possibly could be utilized as w 7 and traits monoenoic PLFA in the sta-
to differentiate between them (Tables 2 and 3). tionary phase of anaerobic cultures in manipu-
The two strains of T. thiooxidans show different late(] microcosms. Branched-chain PLFA accu-
patterns particularly in the nonhydroxy PLFA mulated in the aerobic stationary phase 1201.
(Table 2). However both T thiooxiu1w.s strains
show high proportions of 2- and 1-OH 16 : 0 and
2-OHcy]9:0 in tie PLFA. The presence of high 5.5. Role of acid-producing thtobacthll itm hiodegrada-
levels of a cyl9:0 in the lipids of T. thioo.mdro.s ttlons
was noted by Levin 141. Based on this study the The correlation between the degree of biode-
presence of elevated levels of cy19:0(w8.9 ) in the terioration of concrete and the activity of acid-
PLFA is so distinctive in some strains that it producing Thtohacillus spp. has been shown using
might be termed 'thiobacillic acid'. Levin 151 classical recovery and culture techniques 11,371.
showed that the addition of traces of biotin greatly Preliminary evidence from both corroding sewer
increased the proportions of the cyl9:0 if 7 systems and from a continuous culture apparatus
novellus were grown autotrophically with thiosul- designed to test tile resistance of concrete samples
fate or heterotrophically with lactate or glucose to the corrosive activities of acid-producing
but not with citrate or yeast extract 15]. It should bacteria shows that the degree of biodegradation
be noted, however, that both T. napolttanuis strain appears to correlate with tie presence of 'sig-
B-2 and T. thioortdans strain K-6 utilized in this nature' PLFA of the acid-producing Thiohacillus
study contained only small amounts of this acid. spp.. particularly 7' thoo.xidans 11.36.371. The
Many more strains of these species and of other methodology described here will allow examina-
species of thiobacilli will need to he examined to tion of an entire microbial ecosystem so the inter-
establish that tie PL1FA patterns can he utilized to actions between the acid-producing thiobacilli and
define the role of specific species in environmental the other organisms that potentiate their corrosive
samples. actvitie canl he defined 1389.1

d N
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Determination of monounsaturated fatty acid
double-bond position and geometry for microbial
mono11cultUres and complex consort ia by capillary

GC-MS of their dimethyl disulphide addUCtS

Peter D. Nichols"'. James B3. Guckert and D~avid C. Whie"
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Sumtnar.%

Nionotunsauraitd fatts acid double-biond positiont and gecoci i ac hcoi dicrittiocc for mcicroial

monocultuires and comple\ nicroibial consortia by capillary (;(-\lS of theii ilcthliv dcsuliide tt)M 1)
adduct s. The technciquce ha% permiiit ted (i) chromnatographtic sepad dio ani Icd positi~ isCdecim icatcoil (11
adduct s derived frot i s/traits i omers, (if) cha racteri ation tit cci cc -ell ic c ccic airCcoccipoicei
(Lip to 26: 1)I. and (fi) the identification of a wride range of mtiIcci a ccc i Icd comiipoinentsI dcci'ed f romi

net ia notiroph ic soil mccaterial. The niet hanoi rophic %oil am pie cccli cied c i hih rclai iw e ropomo (citc
the ncovel picospholipid ester -in Lcd rat is acid 18 :1 - Ric. 1I) li MI )s prccicicc ccict' a simccple andcc rapfc id

a pproach thilat cant be rout joel applied to microbial ratty acids deciied ft ccii cc'conici i ii amicc acid

Kc% words: Biologicaloi~arker% Conc,,cicnifc strutudre G(,l / broiicccric it c- cici lc ' rrcccicirt

Moccoc'ccatorated faitt at-ids - Structural i rimc dcccii

Introduticion

Precise'deterrninatioii of monounsat urated fail.\ acid dotible-botid position and
geometry is essential for lte correct interpretation of confple\ data sets. tit order that
membrane fatty acids can be used as biornarkers titI lie field' of taxonottt . ecology,
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Tasmcania 7001I. Australia

"'Io wrhomc reprint rccisf %hociild be addressed.

11167 - 7012/96/S 3.50 1986 1 Ise% ier Science Pl'cislcei I t i wticic.cI I )i' iccic



olealdi C eocicillIrrN and~ cliical rirrerobuuicres. A :\ 111c iririe cIut ( I ~u /aJI ur

IllClcdIC5e IrasC been aplied tou edriirtla anid nnr1crcuiartlk dI1cd 1,1( liii k wu d~r

aihnet I i' r l ens r I1c ahonrerrta 51.t 1tn1ioea sanrrplod cu alc51 It cr1 Ieccrr ;Ippcied IF

lenrgth\r samrple ssorkuip. thie mletirlodIS Iauntll it) plo Oside dlntt~ lut huicll ra CImi Lc eate
tiran 24: 1) coipoureiirs and (lie degree of dill ctilts III 111irrter 11 pre ir lrewii
proportio (it e.ns arnd Ifairs, isolnici

A ;ingic-sicp derrat i/a.t ion procedin e lollossed h\ Ld\ Ir r"i c .pr rr~

spectroictry ((C-NIS) imrolviirg tie sillil)IC alr([ rapid todic c:Iak,/Clvi acdditin ofi
diirrels' dl~I"(iJiide (M)II)S) tou linear alkeuies Ira\ recntis hbenr reprur cc [(,I,

Sirriilarlv tire l)il)S additinati ia alsco beein used irl file Ocelirticat inrr rut slaidard

cxtracts of moth 5pecies 171. -1 li latter applicatuirn iciiccd clrrcunartrcrgfaphi
separtatio of o adduv dIe (irived I'ronr ci.% and italls isocunr .

- ~~I ri O Iils report we present dat a obtained b% mean,, oi tire ID 1)proccd i c Ion
monou nsat itratedi faits' acids from microbial mionoct iittws and( comrplex ;oil
consort ia. Srtruct ural coinfIirmat ion has, bceen performned by capilI arv (1( N'I S o1' tfire

adducis. I-he mrain criteria for tire select ion a nd use of Oi iisnrC? hod ss Crc (1)
con firmrat ion of doubic-bond conftigu rat ion I-r relat~1 is ~ cismr i ronurnsamfirated
fattv acids isolated from soil samples, (ii) distinct ion her'cen crs and traits isomers,
(hii) ident ificat ion of long-chain nionounsat utrated. 24 : I aurd 26 : 1, fart(%. acids from
a marine alga, (iv') tire absence of contaminating byproducts. and~ 0-) low cost and
convenience of tlie reaction. The method has perunittied tie achtieveenit of these
goals.

Niaterials and Nicltods

Sil/n/h' prepar1alion

Sample extractionr, fractionation of total liprd. and rrrct lrilt oll of' tie
pirosphlripid ester-lurked faitys acids were as pn eviurtily recpor ted 181I. No furither
separation-of the resulting methyl esters %%as required for tis atralysis.

Gas cltronnatograph -V
Fatti y acid mnethyl esters (FAMIE) were takent ill ill Ireane wit It

miethyltionadecanioate (19:0) as the internal injection staurdar-d. Separaion of FAME
was performed by high-resolution gas chromiatography ssirir a I-ess ett Packard
5880A gas chromratograph (GC) equipped wit h a flaurre in/at7 ion detector. Samples
were injected at 50 0 C in the splitless mode with a H~ewlett Packard 7672 automatic
samrpler onto a tron-polar cross-linked methryl silicorre capillary C011,111r
(50 mn x 0.2 mmn, i.d.. Hewlett Packard). Tire osen' femrperatuire was programrmned
from 50 to 160 0C at 100C per mini, tlien at 4 0C pet mrini to 300' C. Hy~drogen was
used as tire carrier gas (I mI/rnin). Tine injector and (detector were mraintained at

* 300 1C.
*letrtau e peak ideunt ificat ion, prior to GC-NIS anrais, \r % as, based (cu orrrparrsorr

* ~of rettion (titrle% with Inhose obtainred for starndards Inonr Suipelco I rrc. (Blellefonrte,
PA) arid Applied Science Laboratories Irc. (State (urilece. PA) arrd previotisly



idlelitilied lalllailr '. \fidad;II1l. P~eak arects %%Cre quanitified %%lilt I lecitl I'.lkmdi
335(1C seies II( la tro ilt hlc Iabolauor 5 datat ssst ell I~ ole fated %%til1t In ItI Ici I It I ,LIit

(;a's (C/romoI1(,rn'ap/:- .~A % p('ctrfl)PU'tv ((;( AIlt)
(jC-NlS anaiss" etc~r per formed onl a Hewlett -Pa'ckard 599YbA s fllrd llilt

it direct capillar y inlet. ie samte columin typc described ahose %\ as ised lot aital\ ,iv
Samples \%ere injected fit fihe split less mnodc at 100 0C with ii 0.5 in tt 'ciL 1111t tC.
al icr wich tile oven temperatutre wast programmed to 300' O( f cit her 3 or 4 C peri
mmll. Hecliumll \%;s used as thle Carrier gas. MIS operatinug pat ietrs %ci C: elict tott

multiplier bet ween 13(M and 14W1( V. t ransfer line 30(WC, source arid attakls
250'C, atitottine file DIl: I PP utorniali/cd, optics tutned at( ri// 502. eectiort imrpact
energy =70 cV. Mass spectral data \%ere acquired and processed %% ilt af lie"cictl
Packard RTE-6/VN1 data systemi.

Determinat ion qvim ' I- acid (Imihle-/Jond conjigurationr
Thle DNID1S adducts oif' nonotinsaturatcd FAME \%were formed accordifie to

methlods simrnilar to ihose described by Durikelbluin ci al. 1 71 to locate tile douhle-
bond posit ions. A higher temperature was required to achic' e comtplete react ion t han
reported fo~r thle monouinsat ratedl acetates 171. Samples fin liesae (50 i

1 1) %%Ce
treated with 100) 111 DMIDS (gold label, Aldrich Chemical Co.. NMil\.Iaukce. WI) anid
I- 2 drops of ioditne solution (6% %% v in diet hvl ether). The react ion took place if]

af standard 2 ril G C vial (Va~rian Assoc. Intc., Su nrnyvale, CA) fltled \%lit na ttlori-
flned screw-cap lid. Al-ter reacuioni at 50'C iii a GC ovesi for 49 h, ilic uixmue \~a%
cooled and diluted with hexane (5(X) jnl). Iodine wvas removed by shaking wit Ii50 0

S(v : v) aqueoujs sodium ihiosuilphate (500 pl). Tine organic layer was remo' ed, arnd thle
aqueous laver reextracted wvith hexane: chloroiform (4: 1. v: v). The comiiied oreaic

* layers were concentrated unrder a strearm of nitrogen prior to subsequent (IC aiialyiis.
CC-MS analysis of thle DMDS adducts showed major ions attributable to
fragmentation between the t(wo CH 3 S groups located at thle original site of
uinsaturation (Fig. 1). Discrimination between cis and traits geometry iii tile original

'59.

CM3 S 0
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69 159

19 -80

- % Abundance

0173 ZI 0
v50 100 150 200 250 300 350

reslilld it, N1i . .1 frtnagri .lild . iragmIteIm (I mIoltic~it. A inuunin colliftbill ll iit'IlIt S 1 x' t't) 111, it

It ; if mcz 21 7 id 173.
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ilon olait urde FA N')IF wa% possible. *l-hc ervilhro isomtir (oriinitll' th ti aits lamt
acid) Owued alitr the fihreo isomer (originally (lie ci tatl x cid) under [lhe C

conldit iotis ciiplo~d Wlig. 2). The different positionlal i~olnicr" of [lie \dti coniict\

"crcc~iomaograhicllyseparated u nder the coiidinow tim nd il 111 st rid v.

hilI m-111 nomeclaturefi

[--,t i\ acids are designated by total number ol carboti atotismnumiti of double

bonds.. followed by f ice position of file double bond tront t he carbo\\ .lic 01) end of
(lie itiolecule. Ihle suiffixes c and tindicate cis and irairs geotnetry. The prefix i refers
to iso branciiine.

Resuilts -,tid Discuission

The l)NID1) adducts5 of mnouinsattitrated FAME isolated fromt at tethant opliic
%oil columnn 191, Pwedit(lonas alanica (a slimec-producitw bacterium) and Nit zsclna
c'Iindritt (at marine diatom) have been analyzied b% capillary G( aind CC-MS.
Cltaracterist ic ion fragnicnt s for all niornounsaturrated IA ME ate shown il ['able 1.

Otte major criterioni for thc selection of this tctni(iqie \was, achiceement of

chr1otliatographic separation of cis and trans acid addis. A concieicl project ill
his laboratory has aimied to determine the phvs"Iolog ical coiidit ioli% u inder which

bacietia produce irans fatty acids (Gtnckcrt and White. unpublishied data). A simiple
and rapid technique that pertmitted positihe ideilict ott of doubic-hiotd posit ion
atid geontiitry anid quant ificationi of tilie two gceonet tcal isoitr \%it% req itited. A
recons ricted ion chromiatograin slio\% ing t lie l)IDS) addtict of t Ile

utlionsittiratecl FAME fromn P ailanica is iltiuirated itt Fie. 2. Sepatrationi of' thle
adduici- of t he thlree cis/irans pairs. 16:1 la9c all( t. 17 : 119c atnd t, and 18: 1.111Ic and
1, occtirred unider thle chromatographtic conditioti emtployed lot this CC-MS

ail. . Better resolution for samlples Containing o ci lapplw cotuipoItenits (where
onei ecotnet rical isoiter domintated) was obtained 1)\ (.( atials tsi s I;u lu oce01ti a%

carrier gas. We hiaw also ttotied a furthier iiicreasc nit Lonipotlilut nesolulil MuslieuI a
slighttik more polar ( V I701 coltit it is used~l

Application ol' tle DMDS Ittetliid to Otc long-cliami tittli~iat irated
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ilIIl 'II()lI IlII) \I)NO t'N%..\I(IRA Ill) I AED I (I) i I III NI I I I 
, (1, \I( N III \I
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I ;11l\ aci'd RIr Pea;k hl lll~ll + Ia VC 111 fil Mf l ))+,d+i,

1llCOl hWI\ 1.9lh.4r ..

16 1..17 20 14 I 173 I'. \l

16. IX C 204 01 159 1f \l

16: 1 -19 210.44 2 162 145 l I'. N. \I
16 I.19 20.52 1 162 145 ' P. N , XI
16:1.11k 20 52 11 lX

16:1-11 Ic 2().64 162 117 1' XI
16:1-11II 2(.77 362 117 4- \1

i 
7 :I1.9c 21.69 .159 1 " \1
1 1:'IY 22.A 4 159 '-. l

17 I19 22.55 5 176 159 '1 I

IX I.19C 24,51 6 173 "1- I', X1
IN:I_1l0c" 24,57 190 159 2\! Xl

II:1 hl: 24.64 7 390 145 -

I:1|1I1 24,76 8 39) 145 -I I. X1
IX: I.1 13c 24.86 390 117 Nl NI
24:Ii113c 36.07 - 21 2 N

24:1.115c 36.16 173 -.1I N
26: I.15c 39.69 201 Ii)l N
26 117c 39.79 173 N

ReHicittimiime11.

'cak minbiiei' flcr IO Fig. 2.
- ragmcni Itcicalt¢ Irag enl intcludinlg aliphal ic end of the itiol., lc

! -l railemctl ihdicalc% fragelntl intcluding carboxylic end of the mt ctiC

-. Not deccted iii (C-IS analyis because of insufficienlt %amIpk maivcs, l
Sotmcc of lipid: M. nthanotrophic soil colunn; P. I'seudotnom,, afli,, a. N. \it:,,sia (hfldrbw

phospholipid FAME of N. c'Iindrus confirmed the preence ol 24:1.1 3, 24: IAI5c.

26: IA15c and 26: IA17c. The DMDS procedure has pex iou,,l, tee.n aplIhCd to the
acelles of ,noonsaturated fatty acids ranging from 12 to IS carbionl t1o11S lon
The data jrcscnted here extend the reported working rance ot th,, nethod Wo

monounsat urated fatty acids containing 26 carbon aIoi, l-hi use of shorler
capillary columns than those utilized in this study will extend whi, range litulher. The
procedure reported here will permit the identilicatii of' long-chain
monounsaturated fatty acids from the pathogenic bacterium Irn.sellti iuhwens.s.
This bacterium has beetn previously reported to contain long-chalin noutiaOtlitirated.

acid,; up to 26:1 110, Il1. Similarly, w'e plan to apply the piotedtire routinely to the

identilication of long-chain componenls isolated from .ntahihew Inc orgaliow,,

and ,sediments. Our preliminary studies have indicated the it.',,e~ct o1 ,certl ol

these relatively novel long-chain nonoulnsal rated compotini, (tlnlullihic. d(lt )



A I fillies Ic%l of Itle M)II)S and StubwcklleIl III( I,' picklilic,. ,I IIal 'I I

I .* \If oblaird f rir [le plliospoliuid Ii ,c ionl of a '%oil k0IIII C(ili \ Ilos~ctf to 1'I)IIIi
igt% (9511,1 hi\(titCal)om, 771Vis miethrane 191) \%as Ilr(el taken Lil'lc I ako mkiicli&c tiler

\lccii lliotim l~tsildl IANll: tha~t wCie l)o%itiSel \ 1(111111 it II~ inlie soil 1ii1mreral.

I lie ciilili li oll oif, thle rarely repoirted t.att acid IS: 1.11(kc h\ 10m ' pw nlu

f-ig. 1). as5 f ile ma~jor ilioniotlsdttrated coiiporierit ill ie ltisphluhipd i akct li, I%
conisscmi \%iuithie enirichmnt of a fiet iaitotloplic pIll t Imi Io 1his ceti lielt.
to out knmo' ledge. a% yet ha% otiI[% been reported it% it maimi phimis1 liolillid csur -liniked

1.t11% acid ill AMct/:u'osimis Ii/Uo.Vornim 112, 1 31. l-itlici ilicivcln on (it data
obtained oii ity acids, inclunmg othier ruortou11insat tlics. pieseli ill [lie soll 'ampile

could permlit at mote complete uniderstaiiiu of' ft iecial corIt1llInit. si idttire.

I ke of' [tic M)IDlS derivat i/agion procedure lollosscd I,\ ( If -MIS aitaistis of icr at

sniirjilc .nnid raplid mlethod for the determiniation ol mnioinliliatiiintd hati acidl
double-bond posit ion and geomretry. Thle miethiod ias pliit tcd clrlolialuilallic

separation ;tilid positive identification or cis/mmans isoiicis,. li'ni-etiami coilpotielit

up to 26: 1. amid( several relatively novel coniponent f rom it comnplecm iiroil rrlliat
sample. TVhese separations and identifications. arc i I)CC1i ciite to flhe hilt
exploitation iof fatty acid profiles. Although po1llsurst IIitICd IAMF~ arc %iriilall
derisatized 1w this procedure. [ieh chiromnatographiic condoitions inscd for rh s~imtiy did

not perniik ci Ution or these DMDS) adduct s, The data prescrited inrdicatec that the
DNI DS procedure can be easily and routinely aple oIilotia iae at tvacids

derived fromt microbial monocultures and complex consort ia.
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1. SUMMARY 2. INTRODUCTION. The extractable ester-linked and the lipopoly- The interactions of aerohic and anaerobic
sacchairlde (LPS) normal and hydroxy fattv acids bacteria in aquatic sediments are extremely comi-
of the niethylotrophic bacteria AfethJri1).m111S i1t,- plex (11. Methane-oxidi71ig bacteria occupy an
Iiiorptrt O 3 B. Mei/,;Iohacreriwtim organop/iumi ext renmely important niche in biogeoclhemical cy-

XX. grown onl methane and methanol. AM clinig 121. Recent studies 131 have shown that a
orguinopliin R G and *Meths-Ioonas sp. were large proportion of thle complex carbon polymers
analysed by capillary gas chromatography mass produced during photosynthesis is anaerobically
spectrometry ((AC -MS). Precise monounsaturated degraded in sediments by conlsortia of miicro-
double bond position and geomnetry was de- organismis to yield methane The medhane pro-
termined. by (G('-MS analysis oif the derivauized duced is mineralized ito carbon dioxide at micro-
fatty acids Tile three species weereadily dis- acohlcst-ba group of methane-oxidizing
tinguished based onl the extractable fatty acid and organisms that may be important in nitrogen fixa-
LPS hydroxy acid profiles. Type I and Type 11 tion 141. Thle estimiated I - 10O? of thle methane thlat
methylotrophs can be separated based on thie pres- escapes into thie atniosphere is extremely im-
enice of 16-carbon and 1 8-carbon monoenoic fatty portant in thle greenhouse effect 151. Recognition
acids in thle two groups of organisms. respectively, of these facts suggests that methods to identify
Relatively novel components, I~ F, hAI c. 19 h.oXt. and quantify tile presence of methane-oxidizing
18: I o~i and IS I w6c were present in A% (ri- bacteria would be exitemels' useful.

1 c hosporio. atid( 16 -Iw~~c. 16 I wl 16 Iwi liocililmical mlet hods that quantitatively re-
16: 1w5c and lo w St we~c (lected InI At,il- cwcr ;,nd inca \hire ellula r components have been

"IMI Sp. T'll'se specific iidsIfII ies hc sed. sujccssfullyv applied to a wide range of environ-
gether withi other components1. as signlauc- (m meial sa mlplcs Microbial hiomass and commun-

these niethivlotl.iphic bacteri oil iii.ioiptliicd it% tructure can lie diccinmed byv measuring
laboratory andcm unuiiia ~iul' prOPCeN Les c oulou t1 .all Clls and ideuitilviiig

4 1168 641 M *1*'A ~



• .l..ll, \+lgii.illle ll Ii l . ++gIlI a r ~lkei lijpid., ic" ,.*,hIIIII.I|L
"  I h, .idchlc .1 the+. llctn'\tl c l1i1l1mb-

ljiCti,,Ivev 16, I lh,." advantages of cliciiicail pro )~h,,.l itli'., ' hut. un ik c tlhci tslp I Illelh

ceduies. whiel Lollip;Ired with cla ial elilnicrd - %I, 11tipIi,. 1i l~s\cy c' a Coll plcc I lboii hr i. ic

lion pr'ocedur. have been dekscribed 1,1 .,1 id k\I 1 (120'1 ells %%ce growii wih methane as

Specific signature lipid colpoinelnts have lieCen II .,lc titllon and energy misice 121 I

reported for .' number of metabolic grouips l . lb cir.'asp/liim strailns XX and R(;. are

ainaeroibic bacteria. The nethane-producing Iictiuili\tu pc II iucili troph%. aid were growni

bacteria colnai di- and tetra-phytanyl glycerol in ANMS b;ial il iuiedium 1211 with ail atllo-

ether phospholipids I 0 The potential for ihe prlicre of metlhane and air (1:4. v v) or with

analysis of ether lipids has been denonstraed I II I It illhamll t(l I %k w: v) In (lie absence of methlane.

Similarly biological marker branched chain mono- M%' tr/..l.rimuthi 013311 1221. was grown in the

unsaturated and midchain methyl branched fail AMS iediumi under tile same conditions as Mb.

acids have been found in sulphate-reducing ur.1amuplebi'n XX.

bacteria 112.131. All cultures were grown at 30C and harvested

The nelhane oxidizers or inethylotrophic hv centriftigatlion at 1) (x) .X g for I5 min (4 0 C) in

bacteria utilize methane and have been detected in anl R('-5 superspeed refrigerated centrifuge

a variety of natural environments 1141. In the few (i)upont Instruments Co., Newton. CT) and

reports available on the lipid composition of meth- washed twice in potassium phosphate buffer. pH

ylotrophs. a number of unusual lipid components 7.0. by centrifugation.

has been noted in the extensive membrane systems
in these bacteria I15). Methane oxidizers have been 3. 2. l.ilid extraCico arid fra¢ctimltioi

classified into two groups (161 on the basis of the ILipids were extracted with CiCI,-MeOit (2: 1;
type of intracytoplasmic membranes they possess s'v) from lyophilized cells (50--100 Ing) in glass

and of the metabolic pathway for the utilization of tcst tribes fitted with teflon-lined screw caps. The

C, compounds. 4-Methyl and 4.4-dimethyl sterols exriction was repeated and the combined extracts

containing an unusual ring double bond at the were partitioned with distilled water. The lower

Ai
4 l position were isolated from Meth vlooccus (I(l , layer, containing the total lipid material.

capsulatus [171. Makula (181. in the first report of was collected. Total lipid was separated into 3

d6uble bond positional isomers in both group I gcrneral classes: neutral, glyco- and phospholipid.

and If methane-utilizing bacteria, detected cis and bY silicic acid column chromatography 123,241.

trans A' , A9 . Aio and A" monounsaturated fatty The fractions were collected in test tubes, dried

acids in 4 organisms. uilder a stream of nitrogen. and stored at - 20 0 C

The overall aim of this study was to provide uLnil further analysis. The mild alkaline methano-

specific lipid components which may be used to Ivsis procedure 1251 was applied to the phospholi-

monitor for methane-oxidizing bacteria in pid-containing methanol fraction. Lipopolysac-

manipulated laboratory and field samples. The charide (LPS) normal and hydroxy fatty acids

normal and nonhydroxy fatty acid composition of were obtained from the solvent-extracted cellular

three methylotrophs is reported here. to extend the residue using the method described by Moss (261.

range of signature lipids for this group of

organisms. . 3 as chrmpuiatograpl/i

lattv acid methyl ester samples were taken up

in liexane with niethylnonadecanoate (19: 0) as the

3. MATERIALS AND METiHODS intertal standard. Initial identification of individ- m'

ual 1oriuial and hydrox'v (ais the corresponding

J./. B'acteria and cdltre conditions IMSi ethers) fatty acid coliponents was per-

Methi *'ottionas sp. strain 761 was isolated from for iued hy high resolution gas chromatography

a pond in a rice field in South China 1I9) Ibis nai ig a Ilewlctl Packard SXO0A gas chromato-

bacterium is an unusual type I inehianotroph that gi ,iph cumplipl with aa flcint ioliation detector. 0
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Pt ackardll Hi mcl %eve ;sjs teilpel.litife ploegtitilid AH 111.'411 , sitttt1i*, ,',,tti ti I i

front 50)"V it) I 00"C :11 5"( , er nu1n1. then it 2''(
tir m i 3(x)'(' I lydretgeii %%;,%115 L iC( fi te t',,vile .1,1 I'm (111tte 11.4 I th

carrier gas. tr1111, 01% 111% CI~t Ctb,

Tentative peak identification. prior to GC M(NS w .. r.igtmem, ' t~gt.e

analysis. was hased on comparison of retentioni 16 1 21S 2 'I

times with data for stat lards obtained fromn 16 I' 201 2 4

Supelco Inc. (Biellefonte, VA) and Applied Sctince f I'l 18 2'

Laboratories Inc. (State College. PA) and previ- I I1W i' 11)2X-
i7 tIX 201 2 5*Ously identified laboratory standards. Peak areas I t 1, s 1 1

were quantified using it I lewleut Packard 3350 1x tX 24)) 271
series programmable laboratory dala systeml Oper- I K 1t, ~ Ilx 2$.7
ated in anl internal stanadard program. Replicate I t'171 10 1

analyses were performed for Afs. iriaosportuin Iiictudtc i, nd tram~ te~mictricA imiv
and Mb. organop/oru/wr XX (grown oi n ethane w-F gierngttn indicate-. (tagnicni including atiphtw~ and of

and methanol). Fatty acid compositional data re- 1i1c 11)(1ecute.

ported for these 3 samples is the mean of the 2 J1-ragmcnis inklicate% Irtgme including carlios'I end of

analyses. Standard deviations for individual fatty dic Imotecukc

acids were in tile range 0) 30%. typically < 5A.
cis and trans geomeirs of thle double bond in thie

* .4 Gas cb-Irotialograiprt--inaass specro'nietrv original monoenocic fatY acid mnethyl ester is possi-
GC-MS analyses were performed on a 1lewleit hle using the ditrimethylstlyl derivatives. The

Packard 5995A system fitted with a direct capillary crythro isomer (originally tlie vis fatty acid) elutes
inlet. The same column type as the one described after the threot isomer (originally the truni fautty
above was used for analyses. Samples were in- acid). The different positional isomers of the same
jected in the splitless mode at 100'C and the oven geometry were chromatographically separated un-
was programmed from 100*C to 300*C at 4*C per der (the GC- MS conditions used in this study.
min. Hydrogen was used as tfie carrier gas. MS
operating parameters (peak finder and SIM modes) 3.6. Fatti acird ttomfenchitulre
were: electron multiplier 1400 or 1600 V. transfer Fatty- acids are designated as total number of
line 3(X) 0C. source and analyser 2S0*C. autotune carbon atoms: number of double bonds followed
file D)FPP normalized, optics tuned at m/z 502. by the position of the double bond fromn the
MS peaik detect threshold =300 triggered on total w(aliphiatic) end of thle molecule. Thle prefixes
ion abundance, electron impact energy = 70 cV, and a refer to iso and anteiso branching respec-

tively and the prefix O11 indicates a hydroxy group
3.5. Dleuit,aion of fat acid double bond con- at (ie position Indicated. l1ce suffixes c andt
fixuraetnnn indicate is and foia. Vhe 45 noiiccnclature sYstemn

Mi'notilsaiturated fatty acid methyl esters were for famtty acids indicate% the posit ion of thie dloule
converted lt their correspoinding diols by reaction bonld from (lie carhox% I end oif the molecule.

I: witl' Omium tetroxide followed by thie previolusl 'N
reported sample work-tip 124.2 71. GC- MS analysis
of thie his-Itrimiethylsilyl ether derivatives of the 4. R l:SL S
dihydrox y fat ty acids showed major ions at trihuta-
ble to "A gilln tat ion bet ween file den va ii ed liv - 4 IPimph~/tiptil aid I PS' (tit mid 1(1C )il t( eirIttoIls

drox% 9 11top (Table 1 ). D iscnieimlatimi bet ween A le Coe~l ?tl h~pelpid ester -lI t ed

1 I M11 I 1 1



norm'al and LPS normal anid hydroxy fatty acids 4.2 eta iid Di;uch
in Afethwiosmus triosponutti and MedqItlob- A niumber of unidlentified cyclic components
acteriuin organophluum XX grown on both methane was detected, by GC and GC NIS analysis, in the
and mflilanol (Tables 1, 2 and 3) were essentially neutral lipid-conlainting chloroform fraction. Fur-
equivalent. The phospholipid normal fatty acids ther work is planned to determine the structure of
were in the range 45-60 p~niol/g (dry weight basis) these components and to assess their potential to
for the two bacteria. This is typical of many act as signatures for these ntethylotrophs.
eubacteria 1281. The concentrations of LIPS normal
and hydroxy fatty acids in these two organisms 4.3. Extractable normal faity acid
were determined to be between 0.35-0.55% and The phospholipid ester-linked fatty acid pro-
0.12-0.77%, respectively, of the phospliolipid es- files of the 5 cultures of methane oxidizers fall in
ter-linked normal fatty acids. Phospholipid hy- the 14-19-carbon range (Table 2) typically found
droxy fatty acids were not detected in any of the in bacteria 129,30). The 3 species analysed each
bacteria analysed. showed distinctive fatty acid profiles. with several

Table 2

Extractable normal fatty acids of methane-oxidizing bacteria

M. trichospornam" and M. organoph alum grown on methane, also contained trace amounts of iand at 5 :0 and 17 :0. MecvloWaffas sp.
(unfiractionated lipids analysed) also contained TR amounts of 14:1 (2 isomers) and 15:0 (0.8%).

Fatty Percentage composition '
acid Type I Type I I

Men'aylontona4z Al erhylosinus Met~irkibaxverurrn AMethilobecterium
sp. 761 trichosporium OB3B organophilum XX organophilum RG

(Methanei") (Methane) (Methane) (Methanol) (Methane)

14:0 17.9 TR TR-
16.w9c TR
16: 1 ,Sc 30.0

16 11.5 . ----

16:tu11 17.8 9.0 TR TR-
16: 1 7t 5.6 1.1-
16: lw5c 16.3
16: Il.'5t 0.2 --
16:0 , 7.0 1.6 1.6 212 2.4
11:l~c TR - -

17:0 - 0.6 03 1.0I
IS: 1&'9c 0.3 -04 TR 0.6
IS:laa&c - 49.2 - -

19- I- 9.3 - -

IS: I.,7c 1.5 25.1 89 3 86,7 83.7
IS: 101 - 2.0 3.3 3.4 1.8 e
IS:Ia.,6c - 1.9 - -

18:0 0.5 0.8 50 7 4 10.4
cl4/Irans 9.0 6.9 27 7 25.5 46.8R
Total
iamoI/g' N D 45 60 66 NfO

TR t race -c0. IS: ND, not determined.
0Fatty acid composition is extpressed in terms of the percentage of total acids

b Carbon source.
Dry weight hasis.

A,1



novel coIliponlents dleled in Al. fric 'h aprtuipt (boti -lli ti. ;ntd , I' /tllhpiJntn: lc tItotto-
anld AtcJh,,lononta"s sp. (Table 2). Uitultltela'% f(otnd in A et'h' umwwa %p. in decreas-

Afs. Ir/horpormain contained higher relative ing order of abundance were: 16 : lw 8 c. 16 : IMc.
levels (approx. 90% of the total falty acids) of 18 16 l '5c. 16 : 1w7t. 16 : lw8t. 16 : St and
carbon monounsaturated components (Table 2). 16: 1 9c. The saturated acid 14: 0. not present in
The acids in decreasing order of abundance were: either group II organism, was also a major compo-
18 : iw8c. 18 : i7c. 18 : Iw8t, 18 : M7t and nent (18% of the total acids) in Melhhortonas sp.
18: Iw6c. Positive identification of these compo- The phospholipid fatty acid profiles obtained
nents, in particular the rarely reported 8 and 6 for Mb. organophiunt XX grown on either methane
isomers, was only possible after derivatization of or methanol and AM. organophilum RG were gen-
the parent acids and subsequent analysis of the erally very similar (Table 2). The 18 carbon mono-
products by GC-MS. unsaturate 18: 1w7c. which is characteristic of the

Methylomonas sp. 761. the only group I anaerobic desaturase biosynthetic pathway, was
organism analysed in this study, was readily dis- the dominant acid in all analyses (85-90% of the
tinguished from the group II bacteria (Table 2). total fatty acids). The next most abundant
This bacterium contained a high relative abun- components were 18:0, 18: 1w7t and 16:0. The
dance of 16 carbon monounsaturated components fatty acid profile obtained for Mb. organophilum
(71% of the total fatty acids), in contrast to the was simpler than that obtained for the other 2
major proportions of 18 carbon monounsaturates organisms, with only the 4 acids listed above pre-
present in the group I1 bacteria Mb. organophilum sent at greater than 1% of the fatty acids.

S Table 3
Lipopotlysaccharide normal fatty acid composition of methane-oxidizing bacteria

Fatty Percentage composition'
acid Type I Type I I

Methylomonas Methylosinus Methylohatertum Merhloacterium
sp. 761 trichosporium OB3B organophilum XX organophilum RG

(Methane b) (Methane) (Methane) (Methanol) Methane)

14:0 6.2 7.1 5.0 1-1-
i0S:0 - 3.9 4.5 -
at5:0 - 1.0 2.8
t:0 . 2.2 0.3 0.8 -

i16:0 - 4.7 0.4 0.3
16: 1 u7c 7.0 0.9 1.9
16: ha71 - TR TR - -
16:0 56.7 8.7 4.3 1.0 4.7
lIVIwtc - 36.0 - - -
Is: twat - 15.6 - -
II: Iwu7c - 8.2 690 790 796
IS: tw7t - 38 45 69
19:0 32.7 2.7 8.8 9.9 8 8

Total
nmol/g' ND 40 55 36 Nt)

Fatty acid composition is expressed in terms of the percentage of the total normal acid%
Carbon %ource.

ND. not determined- TR. trace < 0.1%

-- .o



i|, qu '1 1 11 1 .I IN I, Id -11' IIw .I I1'1 | p I'- c

l;? 0
] .11I, 4

;iJ tln'li.itt hi,,tt*I'J drt \ l.,ii ,lad l,,,uNIr lht it,, I I/Ihl. ,1i, 11h... I,, I,"I..

I u All lit'it'Ilui~ ag Is. llllllil 'i

.aaI i w 
lI I~pe Il

,tp 7(,1 i ,,l, I'. lum (pit I It a ..... ,hall wr \l . ..... 1,,11..Is .. R( I

t teliailia'l (N aMthaii'l!M 'h il I N!alat'lh N~ illa,sI Nlci~ll,nc

]?-(If 14 0 1 R 6 I 6 I15
fl-OII 160i 99.9 14' Y 4 I 2
ft-O1I 19 X51 19 I 42 7 444

nNol/g NI) 77 9 12 NI)

- IIydroty fatly acid con s)l tion ctpvcs icd a,, Inra v i lah pof thle 1wr age i o t ( iftta hl - a. a Ii a%

Ca (rloa( %a'urcat

I)r% weighl ha 5i

tR. irace. < (I 1%: ND. not determined

4.4. LPS normal/atty acids 5. DISCUSSION
The LPS normal fatty acid profiles obtained for

M, organophiuwn and Ms. trichosporium were sini- The extractable normal fatty acids and LPS
lar to the phospholipid profiles. although slight normal and hydroxy fatty acids have been analysed
differences were apparent (Table 3). In contrast. in detail using capillary GC and GC-MS. Men-
Meth/iononas sp., which contained substantial hers of the genera Methrilosinis. Meth'lobacterium
amounts of 16 carbon monounsaturates in its ex- and Afethrloinionas have been distinguished based
tractable fatty acids. showed only saturated on the profiles obtained. The finding of a number
straight-chain LPS fatty acids. of novel fatty acids. 18: 1o8c. 18: I8t. 18: lw7t

and 18: Iw6c in Ms. trichosportruw is in accord
4.5. LPS hydroxy fat), acids with previous work by Makula 118). He detected

LPS hydroxy fatty acids were detected in all 3 both cis and trans isomers in four organisms.
species (Table 4). These findings, to our know- including Ms. trichosporium. each of which con-
ledge, represent only the second report of fl-hy- tained 3m. 3". S" and A double bond positional
droxy-Acids in methane-oxidizing bacteria and fur- isomers. The double bond positions determined in
ther extends the range of Gram-negative organisms tie previous study were expressed in terms of the
in which /-OH acids are found. In a previous total dicarboxylic fragments obtained after per-
study [351. 0-hydroxy acids were not detected in matnganate-periodate oxidation of combined 16
Ms. trichosporiun or Mb. organophilum 1351. The and 18 carbon monounsaturated components.
latter organism contained /f-OH 14:0. The con- lhus. direct comnparison of the two analyses is
stituent hydroxy acids of Meth'vlonwoix sp. have difficult. A higher proportion of trans acids was
not been previously reported. The three /3-011 noted in Afs trichosporium by Makula 1181 than in
acids detected in this study were: /1-01 14:(). our aialysis. Variations iII the methodology or
/3-OH 16: 0 and 13-OH1 18: 0. The 3 genera analvsed more probably culture conditions 131.321 may
were readily separated based on the relative levels accouint for this trend.
of tle 3 /-OH acids (Table 4). I-le faltl, acid profile of the lpe I Inlethylo-

ioph. ,,
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appear% probale hascd on file higher Lconcliir 'Imi.ld 0% )' Ss ciiia IIIII.:Iciiiti. ccIc iiipotlents

(Ion of16l cairboin miiouinsaturates fin type I %Ccie founid III (lie Ilict, 11111d fi,iciions of aIll

balcteria Into( two grouips based onl cellular fal(N t..cted: Ini ill \ailples togelliei %%ith sc ciil lioVel 1(it
idci(15 has beein reported 1351. Those authors pi~i- Cui11poflcill. Niel hale-o.IdI~i/ Ing limic ic,.i receill
posed that the groupings showed it good correla- a1 plr iohle '"okrkCe of thc"C speci Iit ,igniat ire Coin-
tion to [lhe mnembrane type. restinog stage and D)NA poncinl Ill Wn cilmentals envi ronimeit Mel hylo-
base composition of mnethane-utilizing bacteria re- trophiv , c knlown to participa Ill ie c o iransfor-
ported by Whittenhurv et Al. 1221. matnm1ol of eiivironIICiiital %(fellail~ sc ats

Methanol-utilizing bacteria have been previ- short Chain Chlorina ted hydrocarbon. 1 43.44). The
ously distinguished based onl their fatty acid comn- data presented here su~ggest( that unique -signatures
positions. Bacteria utilizing methanol via the serine mnay serve as a screen for these organisms in
pathway (type 11) contained between 68-88% of manipulated laboratory and environmental sam-
die esterified fatty acid as 18-carbon monoenoics. p Iies.
whilst hacteria using the ribulose monophosphiate
pathway (type 1) contained higher portions of
16-carbon monounsaturates 136). Although the ACKNOWLEDIGEMEN"FS
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marine bacterial isolIate. Appi. Eniviroin. Microbial. 41. gcnrco k-cice 221. 1147 1Is

849-956.
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i1hosphiolipid Esler-litiked Fitty Acid Iliomai~rkers o~f AccIli(e-oxidizig
Suilpltaic-rediucers and Oflier Stplide-forauing B~acteria

A N1) 1) A VI11) C* W I H1
IDepirliint ot Biological Sciencie. Flo~rida .S1*i thinn'rVtt j' Ialui,,ne

2FA 6 F fauli r Ifioluic'. (lim-rljgdg KII%IftI:. l'at/oala 5560 h-.77501. Komfioa.:. FRG.

( I cejged IISeptember /98.5. rcvte 28t~ ?N Iharvr 080)6

'The phospholipid estcr-linked laitly acids were examined Ii Iomi Deih'omfaaer sI raims ( 2icl9,
Aclia. 3ac 1( and 4acl I), a IDa'satlfancr-like 'I'm vibrid' (AcK i) anid lc~a~agn~uu
acrioxidan (5 5 7S). w inch -,re allt stilphlate -reducing bacv t Ihal ox IliI / actiatec Allierniophihic
sulI)Iiatte reducer, Dviktdparuiiarst)'t~ andIwslp r-duigbce .IkIiaovnv
racetaxjdwgns (11070) atid[ a Camin-It'bacta'r-like spim ilumn (51 75). were also siudicd. I lie
IDcxufi/bictr spit. were cia ractci ied by sigificanit qua ilifcs of I llhi Iiyl licxe (ccuiloic acid -

Other I 0-methyl fitty acids were lst) deiected tin Iruiutlfohim-er spit No I timet hyl hamty acids
were detected in thle oilier oigaiiisms exanimined, sippoi lIng lte use of I ti-ineCllyflexadecalioic

- ~~acid as a biomarker for IVeialipactaaer. it igh levels ol cyci( propyl taily) acids. Inicluinig Iwo
isomers of both mehlnhxjdcni cyl 7 11 andthyeehpadc noccy i i) acids,
were also characteristic of' A-Wtoh'bactr spip. [lhe oilithtcnce of thle volatile tat y acid'. (VI A)
propionate. isobutyrate. isovalerafe and 2-methylbulywate on thie lipid tatty acid disltihir lol
was studied withi two IDesuflpbcar strains (2ac9, Ac Ili and IDevl/otiomutuulif, acel' tdiii
Although thiese suiphatc reduicers cannot oxidize [lhe VIA, their presence i thie acette growthl
miedium caused a shitl in thie Llliy acidI distribution Ili l'avouir oh odd-numbeed and bulaced
chains by apparent direct: incus poraliion into tlie it ly acids as chain u il ia ors [lie ()a ,/lfauu'r

strains were distinguished froin oilier stilphide-ormng bacteria by lte perccuiiage of
unsaturated and tile percentage ol' branched l'aity acids.4

INTRO DU CTIO 4)

Sul phai te-rediaci iig bamct eria pe rlOrn i te e mii l i ocess in aniiaerobic degradIa iion ot oigai iiic
matter it% aquatic evone T h.Itese bacteria os iti/e low- Al, compnliuds toruied bly
fermentative bacteria and use .uilliate as terinal akcceptor, tile siilpli.ute beingt Imcdec to

suiphidc. Ini sulphate-rich haials Suich as mlatIl inC duoleins. 11141e thim hiail o( litc oicomig
deiriius may be miirali/ed vt.u suilphate mrcaucioi (Jut gcenm. 1977, 1982. Sansone At NI.tt ciis,
IM14). It' sulphate is absent or limiing. as III iiio-.t iuesh~valt sedniients. the (Clet iti.til
degradation step is ta ken over by ineIlianogeuuic bacteria aiiod Itliit %),tt rphic parItilim %(l Ia It &
Nedwell. 19843. Winfrey & Zeukus, 1977, Stich & Schiink, 1 985) NfOleCrillar hiydiuugeu Ald ALiciii
are thle two key intermediates via whicht dead Ilaoillass Onecl oiass.) is channlelled tubo citer
su~lhate redtiction or nittngnss(I Oveley 4.1 oI . I'142. Suo enlsenl 11 (1 * 19141 . \VIIC i Xtie
Zeiius, 1977), Dela'v~t'ibrta' sppi mid Ih-fit"aItllitl %I'll arie potentlially ilki gnsc eigu
sulphate reduicers ill naiture fill midis & I liuer, 1981 l K uiivnso c*i a 1 142 avulou & ii

19845). Ili lite laboratory. Ihita/o,u sppb IIII are ursia.lk cultivated uil IL.cl.- ( l-t.ute. 191 '3Xi
which is probably n1oft aiuialol anaemoli. ic ied iiele tituci oirail comttittouis Acetite tS

Abbrrmitm% ANIU Lily aid m lisle~if%. I A
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io acctate (Widdel & Plennig. 1977. 19X1 i., maid oui% . iiclho. he sIwItiticaiw acetle

olteieasf-tielialii p aodiln' hiullha., isp l-i can liluslii ,Ic Ic I iss.'(o tre;:ur
(SCI61oiil clid 1tI982. 1 fig viii sell cI id. . I 984) 04nfiob.,. fir ;pp litiall , N. 1 fit iiiulf I i ydige ii.

apae tuInclioiially dlist; . v grollIjis (it sillpliate-redilciiig hiaclc i;a (htall Isit/ . 198 1
If' elemental solphutr is Isut t-l( his. Ilay fe ie ,t1 ;1s terminal acceptur If% snIlitir-reduc jug

haCteria (Jorgclsers. 1982: Illith & K Itig. 1981 ). Ni ophllillux ellbacteli al %sulphurt reduicers that
oxidim hydrogen are rcpit settled 1y C .mpi/n/idpcr-l k e spit illa ( Wolfe & Ieninig. 1977;
Pleslinug & IluehI. 1981 ). and sulphur reducers that us idu' acetate by Ih'.wlterorouas slip.I (Pictiiiigs& IlichI. 1976. 1991)I

Qiianaltive assay (it Imcterial hiutna". anid ciuiilifils Stu11ltue ill mnarine oir othler
scdimtent s re ili rs mlet boils t I it a vids (lie p1 iiit s tel'ii w ith a 11I iI~livc reco very of'
bacteria troll) suirfaces anid select iv c tilitiring prKccdoics ( W lue. I 9R.). Recent Wik has shown
11. lit aIty acid analysis mnay lie a1 powe rl I ool in thle intecrpretatIion of mtic robialI corn tilit y

strctue Ilobie& White. 1980)) .% wvell as in microbial taxonolni (M inuiikiii cial.. 1978). Few
airticles detail tive lipids of tlie sulphide-COrusing eusbacteria. I101bigcnendwt h
lactate- or hydrogen1-ut ilizing sulpliate-redticing hacteria (i e. Is.w/fpt-thria spip. and

Ik~id/ioeusulu~espp).which coninionly exhibit braichedk inioonoic I 7-carbion (-.tty acidis 
niajoir compognenitts (Makula & Finnuerty. 1974. 1975; Ucki & Stll. 1979: l-dhuri~d s'i al., 1985,
Bloonefiat., 1977). Taylor & Parkes (19R3) invcstligitcd tie cellular I'atty acids of a Dirsudfobocier
sp. (strain 3ace 1) utiliz~ing acetatc. a Ikesulfi.bullitis sp. (strain 3prlIl) ale to utilize propionate,
huydrogen or lactate. and a Diksudfih-iritr gdcsult/~ricansr strains. The Iktlo/mcr'r strain exhibited
high proportions of I0-methylhiexadccanoic acid (lONcl6 :0). which hsad previously been
observed in anoxic marine sediments (Volkinan irt a.. 1980. Parkes & Taylor. 1983: Perry e( al.,
1979). Ilecaise (if its absence in IDcsfit7illiuir alid Ik~stdfinilrifP. IOMe16: :0 was proposed as a
hiomnarker for Dirsulfaoaer slip. in thsese environments. Hitherto. saturatedl 10-methyl fatty
aicids have only been observed in actinornycetes and related taxa (Kroppestedt & Kutner.
1978).

In this study, we examined othecr Dcsuilleihacr'r strains for I)elv 6 :0) to deterinen if it could
hc (if uise as a more general biomairker Cor that genus, Thhe hydrogen- or laetate-ntili7iing
tliermopliilie Iks,Ifovuibrio thiirrivip/i/us (Ro~inova & K hudyakova. 1974) was included in tlie

tdy in order to compare its plsp liiltyacwththos tlieolii lks/i)iri o
Two representatiyes of sulp-hur redlucers were also examinled tife hiydrogen-osidiiing
('amnpr/loir-fir-r-hike spirililm 5I175 ( Wuill & let~ig. I1977) aiud tife acetmtt-o5 i(6iiing
Ik-sullilrofflfaS fiiffi'it.6aftts (lennig & MILI 1 976) 1 lie effects otl suipplemen~lting tife cullture
niediun witht volatile (faty acidts (not reqiried for growth) onl tife pliospliolipid fiatty acids of
three acelate-tilising stra ins were also investiugatedl.

19,. tn iI palo,,i.; arid ctuh fre fqierhi I tie utigin; mitd 11, Im; - ~ tisiial lifte siriin xain o re listed

The 'Itt vibrio strain AcKolik i new frorC nuii an altiiina-thlijtc(t trcitiwaiter ciii ic hinent un acel~tte Strain
As-Kitresenhtht-m).i.fdw',, ifisi~l~ ltslw11% 0 ssot ate1 ;is eletr,'II 4.l.il afid its 1!imniti is 0siiitii dill
brat k i-i iictia . hoiwever. AcKit FIas In.iii c I at l in i o t t u ts. ( lici %%C(a% V.-iiSlI"It ev itsfM ale ov at toi lot-
Otsipeut andi sctrccy nisl in tsiorct ioligirt

Ilie strfains- weie gfsiwn in sui%cisten 2 hit 1,N101iitii ' i111C II h .104m. ii,. 1 h iiitit iiit-i i iuii itc %410 %III'tifitC

onut uithio~nife :s iteccrihot 11% I'teiiiig -r 1,/ 0II Xt I I lie (ille - 111t11t iil hitotitcs Iids ai iull F.1% t'liasx (I
14) 2o)". Ivv) CO. fi N. t tie flidii %%ere %l.ili'eiild %%i visiaili"i. 11i1i (41iii.uiiit iioo se..if Cs tract. tietliitg
;igCfII4; or redtiis ,ill;Iitr I of I tiid 'i " 11i , ifviilli ii tir' I 'll, s . 1i-, t ;401 figi le I'l.isptia

fronceiiirailioi was; insreic~t fromi 12 vivo li p Kt 11TO, I I I lie %Ir;,n% retiiiiidu ,Iit-ictmi ii, eiiii..lonii of Na( I
andt KIg(l 61 - f I n their fleutia tiff oi foiial p... %ill life iu-spet 11%V k- v,.ii (Mit %,m,'ii sei* ;is ,,t, I t I I it ailt
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.iau Ilmid 4aC 1 I NCii:, Itu 1,11plate ittlil ccs -1il.11i14-0 .'" iiisi- siilpli.ii, Il, t,/I. /im ili,~gediu # s s ~,ho-n o
pyrfmiic (fileti-.;co 1mil. pain site 11 2 1111 Iii1.1l .;i~iii ,If 'IINV fori liilcg I., (.i lmiaii l~rcl 1  g.I (lie
siglphi..; ifdwlscl. Iliess %%er g"It it .If illcg iiii 'picls *i.imit cost'ip-t sait es spmiimi S " I 75 itiirci ,if
Iuiag rarie 1 0In iSt. gl ol. a oIc IIIIIIl 1 I.. I~, I. I 1 1i'g,',,,,,ia i-1, ,,/dam 4. ai t gccl Ig (1(0 toosi pI't p a t :I I c
J401 m11. gra.dualily added) I-'i/hcIrp''R'' ~iI/.~~ rIa ini Ac i: arid Dexodflhmgmgemi aol. f/oiam
Were fol".1iill Iifi igt mie tigliggcs 4%i1 aitclalc. ili -Im bv.11 t-1t*iiig 1r fit .iil1lglimtg. file 1-4ilgii, Vl-A flin ii

cm'n.;evilgatilgg- Ii ll IV 1..I41ialei (01. 1.1ili t. I .I is..s ;ile lt. I II. '-ggitllli igo(.;ilt' I II All soiim wsetc; 1 gmAei
in floe dlek ;it their iespctfti-c 4.,11 1inii el't.hiimg I I ale II gui asl.; %%(i gIlls sliikeit1g Iitc a day ( 'ell% were
harse-glei by ~ atmrla1 gg l(le Coild gi c.jai.gi .il mlltir*' ilgld lI .I'lmlgfied Nori lipid cmilat;Iifigi

I tpn/. I-% ra-ro, andt -i/..raii If piu 1Is crc c sl it-legI If. a filific gitIli cii iii(W lteita a. 11171114I ml ite 11stoo.iige
off llligl, & I )vr I 91 After reugis % l; ilt Ilgli"giIi i.lite lipi1ds ws-ie: liIgig111glcd ill a sli ci t:ilgig 11111( Mlifftoo
A W Ie I c 99 11. 1,ii Is i (Ig. I IN I 21NMI it t.;I) .Il Is I, i tk off Im Iae I a;%V I t I (C I It Is ua slingI led Ililo class ei'hmmn
'silli cllgilIiri m i sla:ha lipid ussi lii aimlilictl i Ili ilici-wat-idl fi 2 iml tlgligioi Neiialliplids Wvere
elgiled Wmilili 101il thoal rin glalipids "f ill Il gill acImdiic a11id Wigslsliid .illi 14111 ml mthaniil.
l'1-li ipid~i stiligljiggi. %%ere es-a~Ioir;mgiiCI i dmlcss oititii ;g iliegil Mi gititipci :giil .;Ifvrcl agi 701

RlhIllgr~/-i~to '.i /i'hoi. h, I. ,'/% Plit isplic iii pglds %% Cri sle off I sl iie libinal. hiluene I I :I 5/ I. I iiill
(1-2 ki-KOl I wans addcedl and life saoitiplco; %ocrc hieated ;of 17 ( htr 15 effor SciticiiliiiI addilimi- gil 2 fill lie.;:ae.
0-.3 fiil I wacel ic atcid andi 2 fui %;le %%g s e iiad c I1 li mpIliasic tiSi-m ore ss is sark ed .. nill tile liett1nc (Itupper)
layer. ruiflginin file Ia Us acti mel hsI elc, 0 A NilI. %s-;i% reiigiei I lie.p Iiitii n gainst 2 ml he taie was
repeated ( .;ilIvined il . : ie , liusm.; s'-ere tdoi cd kfc unera.; icani of lo i ugi al slim ait~l gI 70"C

7/gm t * ier ch/rmPnatrtPrt/uii ( (71 /.) I(ritde I A NI I%%ere lci;I(Ilel Ilio a fili i ai * Ia-eg silical gel ( Whafglman K (;
0-23 nm. 243 201 civi 111a:1 Icslauttdard lel livi iuaii'ialai;l wat spi i( led *mii Cliff laics uni each platle. Aftler
deveipospiem 4 lite ILC. plaies ags hmviic ne ili ' lIs co lter 1 , 1. -I) (ire end Lofite. were -prayed Willi (I-I ( w/v)
RIiidaitijne il (Iies-I (lie Oatulai d Aricas at l1, %;ties cvs-gi ;p niio its I. lite slai iila gil were tialved gilttl f ilhe
FAMI: clieleil Irivg, lite silica %%fill hesliii life %%.sI-ssa dricil iiouter :i %ircagii-i iiiiriogci and flie 17ANII: takenl
hop in an a ppmiprialc s~iltiii off licotanve list Pao; cliriiiiall-grapliv. Mhis i. n oigaglecagig ale wa; added as an1 initernal
injcclim m a nila d

Sangraled awd tt~~ir ivad I- A Nil %%Cire %epia ll141 i 1 Ci I lI ie; is, liclg ire. hii t fle gula IC were: pred;evcliipetl in
20 gAgNO,.60i(1nIwaicr tnid 120 fiil Illolc ellialitil illfile da~rk 1,scaliiilailrtlvr i airie AM
using an extiernal matidard it mettisI lumtid'simi'al ss- a.; deter ilse% alI'.is

Iktr~gi~r,,,i i n at ac-id h/,os./ /.mtd 1uguit. %%I ii;1 i.; ic iiI gi. clh ii (,lia(g ;llihv 111:;% %peti rcitieiy
~((W KISI a rilvi.; 0t iieir D icks AIler gdit f lIK ilnell & Illeiia ii. I 9H2 1. ags imm uI il toy N iclgisk it t. (I 985),I
or tit ifIC1 ilm (liusillthditler'aie. (I iikel'li1ii g-? 1/ I 19)(5

Ikiriitaturgil /at ftIl -ho- li/~nsl~~ I his procedure Watt miodified Irtini Meclo~kcy & Law (1967),. and
K a nc-hiitol Ni ir (I 9611 ( vslipruivl I ANilIi ppiiigalelY 5 mngI were lgvdi iigcniil iiifle pre;eice gil 140, )

- (2 nig) and( glacial :leelic acidl ((12 fill). under 275 k l':i If.. %%tlitle mlirigig withi a glass ctialel mnagilie stirring bar
for 20h1. 'life Migsoil waoi reinimed toiider ngt.rit. atit (lie ISANII %ee :mnalssed ty CC NI

GC.,.u/ (i Afs V;scmimlirpywsdi gia rigginougidl .47(vol3 iig flamie i~iaig ceii n
notn-piilar cr i;-likei melb ll oilicuigie (used il ital ta pillars ciblgilii (So1 fii (2 lioim i d_. Ilmek I lackmad).
Injeclilt and gleleelgir leinperailore. Ascre 2 50 ( amid 2943 C i epecl ik.velIlie ii en lenlilleg ailrc was pwigrainmed
from 84l) 'C it, 140 V ai (20'C iiii (hofen ;ii 4 *(' loo '~ il 2~ 70 ( ainlheii isui leiermlir Ill miii 11)11iitgen was
iself as calrrier gas ;l(i t' sec %o flllear %ellwdi) I Peak areci.; were illgraliv Iw: I lewleti Packard 33511 -cries
prograinniabHe lagholagiry tda a 55 sleill oprried lit at%1 intcrnal mIaiidain dpi'tglamine mo14de

Init ial GC (his a na lvo;; wa,: i Iic gvin a lie" (elI l';ote L ai V)Q3 A %5slcmili Iit WC sith a d;lirect caplillarv ililell
Mellott-l i, at. 19911 Several sa ittplco, %%Cc il-' amsco ilb b sie lIvl-gnsomig (w hs r:i nllclrs; splid(ls
injeclii at1 1433 V. (lie given pigigranilild Irgin (10 ( * 44 Ii41 1 Ai 4 ( *mmi .eliagiui a; flie Cariier gas ellii
mtell iplier Ill.4(144(141V. toamnli ie 11(111 C. -,,ikiu e ;%iil miialsser 7 Sil ( jiii le11 lite D1)111111 iiirinalimed
toptics liunieu at pill. "012 ,MS peauk (llreshi gog -- 1411)4 Ii ggereil gin it1 a) on abliili i-c . clec rim inmnpact eiiergy

-701 CV Niatts spci r l 11:44: were %% i le.s ilt a IICA I 'Is eilmt ;ggf I I 1 6 VNI gaLf I %i .;slsg
C'rogfooba/it I/li nirol,i-iggi t ,/ 1/1 Iglclilit.11ugh .1 ig1ilis i4lii.il lifly off Iglicil Iimi (W reteiiml (ile

argentlail It C scplia lmig l fs11~insaldial itl i siii ci I A Nil . glcmas luai;ll .. I fiilglaiiigue11111C :t64l% it life

lite tCeuillatil 6Iicilicil I A Nil 4 )ii1'mi.i I Ail ,cic lg ;o1, imiiiiiegl. 1,(iso o C oa itl NIfulipca it gi~l r"sscliall
dil~iainu .;in('ie i ilifimljigm %..I% ;itlhic~-el Is,% %%f1 .g s iii " ,1,11c ii liiislti iil (I ii-h Ngti%'en it d. 196 .fi
Ryllage & itilsagen. I581 lki-ml' t .#erm at . Illisi ( aill'-Il&N01 ' i.Ii(i

l p -lii.;plIvi d eslerf-linly'tI 1:1(5aidliil slo tit (ic. 1),sg14ii4i,41 fer 'qp aiss tit all tile

tithr solliittc-14tivmp fat cmt oijl%%c fi- loici fitI ailt- mi 1. c~lt-cl%,cy .i cae o
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Tablc: 2. Percivituge ,,Iiosp/ualil g'.viar-Ioiktd lillI (1(t (of ID'.eaolkcer v/)p. grvaaan1 1#1 fceall'

Cullume ace nuatbeted awxrmding ~ iti bkl I iy cdirc.iacac bclanIngiaw psaan
ol, substlalicus Irini l 11C 11)1 'l m)Cld. Iiltas 16 :1 oc* u,7 is b sJIraaced. kto and :alalci
FAME arc milmyl-hia nclied tme anad lA ( , arlXa~ijj nfilltlI~ 11iC 1Clayl clid. repeiW a .'ely Iuaiuall aa
tMcur ini either cisk Ill if lilts 0m sti~gu~aiaa ( ill;%%~.aa I'm I~cqa~imoaICOI*l
muipile branaching. SAT u.an kismlw %aaicld I (ally acid . UANI F~ dlecled boy thtabko tid analyss
oinly, and Hill qaa:111ifil; o, rXaSlltil a dau Imas ra in ~bk bhauaa. 11illy1 Iaauac I ian CYCki(vil~YI ring ECY)r
based on GC ovicillmosa linie irly (miaaaaicient samaple waig~amlable law aalys.is ('ullumas I V1VA wre
grownl wulh addiiaial vaulal ale lality acid (final ciaicenl rao I g ian11M priupiaaulale 12). imilmal yflt: (1) .
isovalcrale (1). 2-nieliylhutynai (1)

Cullm na'.

FAME I I + VIA 2 2 + VI:A 3 4

13:4 E (if'
isol 4: 0 1r 101 (lII- l- r

anicjsolil:0 4-5
14: 1 0 El-3 012 04 0.)3 r
14:l1utO r I r
1r:O0 9-5 2.4 31-4 9-4 B-8 11 I13

brI15: I. El0K If (l-8 Ir
isol5:0 1.1 89 1-6 2-6 8-7 2-1

anlcisol5:E) El-I 4-El (01 1.9 El-2 Efit
15: 1 a8 it
15:1w I*ii15 0.1 4-6 Er
13:10 (l-2 Ir
15:0 V3 12.1 El-7 23-7 El-8 (1-4

IEIMcIS:0 1-4
br 16: 1 up6c t 1-9 oI-1

isowl6:EI El- 1? (1-4 (1-9 (0-6 El-2
anicisol6 :E 5.3

16: 1 #0 1-4 016 E19 1-4 EI-3
16:I1golc 4-9 2.1 5-9 I-8 7- 1I1.
Idr: bItol EI-3 El-? El- El-I
16:I1rtu 2uE 1-3 I-N 6-3 I-H 1-4

4 IcyI6:0* I-8

16:0 3o1-7 I11-9 18-6 7.4 25-8 32-7
iso17: 1 ral Elif I-5 El] El-I 1-4 EI-2

IOMcI6:0 16-S 9-I 9-4 6-3 24-7 11.2
isol17:0 (0-2 1.3 Ir Er 1-4 0-2

anleisol 7:0 0.-2 1.3 0.-1
17:IwKg 2-El I-7 t

17:Ir,07 a to
17:I1 m6 a -9 3-6

cyI17: Oa~tu7/N) 24-4 1EI-E0 27-3 II-8 7-E 30E1
cyI17: Obt 2-6 El-8 El- 2-6
brSATo El-S5

17:0 E1-2 2.9 Er 1.0 El-2 o- 2
bni1l: I1 to (2 1-4 (13If It

IOMcI7:0 El-I 2-4 2.1 (14 11ll
18:1409 El? 0-2 or In (14 El-1

IS: 1imol El I1 (1 n10

cyIS:E0a. El-4 119 EllII
Cyl8:Elb. E14 4S E5 0El?1

13:11 0l 1-3 El 1 (14 4IA El? thr 19:I 1lI fi 14 tr II 1(I
IEIMCIS:0 5I

CY(9:E. 1- (106 412 El14

Troce Caau1"aIcuIls El 2 El I Ul 1 I2 nI El

laianchica FAME ~ 19 5 14 5 12 2 2 7 1 41 5 15 1
Unslairaled FAMEi 1019 21-4 9 5 119 5 19 1 4 6

)IfllO is diry wil' 1012-5 11-1 51A S AOS 14 lO 644 A * I
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Table 3. Percentage plkospholipid esIt-u.I-4-il 1,ttv ac-il ai thl~ee fniter-hiAe *FIi 'brjd.
imone-DIextlipoaer stilpheue re-leicer.1 imid toie/piir rcehiuct'r

( 12or definition ol ;ehifewvau -.cc Ijblic 2

F AM 11 6 6 + VFA 7 9 9

iSO1d:0 t ) i0
14:I1et,p7 0 2 1(-

14:41 5 5 26 1 3.1
bw 5rI i. 1 )It
iuvl 1: 0 35 31)5 0-9 113' 4 4 or

anieisolS :01 it 1)2 114 Ir

I5: 1It-6 If 11-4 0 x 0 t

15:0 0.1 0-1 4 5 1-0
br 16: 1 t6. If-3-2
is)16.0 0.2 2-0 23-4 0 1

16: 1 f9 0-1 5.9 1 5
16:I1uto7c 219 244 134 17 1 50 1
16: 1 w7t 0.4 06 1 r (15 [I1
16:Ito$ 1.6 49 2-6 26 1-3
16:0 41.5 34-0 22-2 4.1 47.3 31-8

isol 7 - I7 1-0 - - 0)-2 -

isol7:0 0.6 -96 0.7
anicisot7:0 3 9.6

17: Will 5-2 -0-4 1 r
17: 1 tip i - 13-3 0-6 0-5

cyI17 : a(co711) 13.2--
cyI7:Ob. 1-1

17:0 E-7.0 (1-8 (1- 0-2
isol9: 0 12.9

I9:1(119 0.1 1.11 09 1 r
IS : I'7c 0-5 24.1 17-0 (1-8 97
19:t1n#01 - 0-4 (1-2
19: IC5 1-4 41.9 Er 0-1
18:11 Ir I-2 1-2 7.7 (1-4 0-2

- i-4)19:0 Il-3
antcisol9:0 I r 0-R 0-9 0)2 tr

cy 19:0. 0.
Trace comtranehai. 0-1 4I-I 0I-I 4112 (2 03

Branched FAMF 5-6 0-5 7-2 R7 2 641E Ir
Unsaturaedt FAME 21-9 626 N) 4 0 0 41-4 63-4
pmol (g dry wI)' S115 19.8 918 13-9 61.5 49.2

interpretation of major differences. tlic total perccnitages of' branched and unisatuirated fatty
acids occurring in each strain are pirceted at tlic bottom ofceach taible. Duie to tlhe constraints of
time and materials only one batch culture of cachi strain and sct of cond~itionls ws analysed.
Previously this laboratory has shown that pllosplholipidl fatly acid profiles of dluplicate batch
cultured bacteria usually have a standard deviation of less than I % for each Fatly acid (c.g.
Edlund et a/.. 1985).

The sulpliide-forming bacteria in this study arc clearly distinguishcd hy thc prcsencc or
absence of 10-methyl fatty acids. Among the strains examined. Itt-inthyl fatty acids occur
exclusively and consistently in the Ikstedfi,/icr spp. lIn Dsflepwfevcter spp, grown on acetate,
lOMel6 :0 ranged from 24-7% in Ikstihfiphocter sp. 3 aclO to 9-4% iii M-stiedh'harter sp. Ac~la.

VFA wcrc added to cultires or /Vtdbebrbticr poDsigaifti 2;oc9. fle-trdfrda-er sp. Ac Ba and
Deufwapmatiuarpte acemoxithrmns 5575. In I licst cult ures. alt c vcn-nimhcred fatty acids were
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presen I. dereased plusroportin. Thes~rtu 41 of srinhec du1 Ii~~eease f~rm67 hto 1'wt escnt to

the total, those of strain Adla from 69 to 47!- and1( those (it straits 5575 fromn 99 to1 67%.1
Simultaneously (he branched chain fatlty acids inceased (?ac9. from 19 to 34%. Aella, front 12 ,
to 277.; 5575. from 0.5 to 7%).

All the Desulfidmicter spp. grown on acetate were charctcerized by cvcn-numbercd fatty acid
distributions ranging front 77% (3aci(I) to 59% (4acl I). lU-Methyl fatty acids other than
IOMcI6:O were detected, incliliing IOMeIS5:0(2ac9 + VE"A). lIWOl7:0l (2ac9 + VF-A: Acla
+VFA; 3aciO -VFA; 4acll -VFA) and IOMel18:tl (3.clO -VFA). Componcnts in
insufficient quantity for structural confirmation by (;C- MS (2ac9 - VFA. Achia + VFA;
3aclO) had identical retention timies to IOMel5:0; these components are not listed in Table 2.

Cyclopropyl fatt yacids are also cha racterist ic of 'estiEhprtr spp. The major coin polnt was i
w7/wg met hylenchcxadcca noic acid (cyl 7 :0a), which ranged fromn 30'in ll acl 1 to 71' in 3aclo 7
when the bacteria werc growni on acetate without lte yEA. The Position tif ltc cyclopropyl
group in a second met hylccexadecanoic acid (cyt 17: Oh) was not itlentitied : thisIfittly acid ;
ranged from 0% in Acfla to 3*% in 4;tcil-.iid 2a.c9 undeirithe samen tiitiinis.l -itia/tohiit-tr spp.
2ac9 and Ac~a showcd a dccrease in proportion of cyclopropyl fatty acids when VFA were
inctuded in the media (2as9, from~ 28 to. 18%;, Aclla. tom 27 ito 13%). Oth~er cyclopropyl FAM F
were also detected incluading cy16:1) (2;tc9 + VI Ajandu two cyclopropyl 18: t0 F AM F designaatedj
cyl8:Oa and cyl8:Ob.

The 'fat vibrio' strain AcKo grown on acctaic had 75% eveni-nmbered. and 94% straight-
chain fatty acids. with high levels of' cyl 7:1) (cyl 7 Oa,. I H",: cyl 7:0h, I "d.. similar ito tlse
Destif/ibacft'r spp.; however. no 0Ill-tyl FAME coildhi e detected.

Desufiomadugi01a iccio.vildm.l 5575 grown oni acetate gave aI distribution oif' 99"/ even-
numbered and 99%straight-chain ftty acids. hi corlorat lol ot VFA into lte Illeditiml decreased
the proportions of even-nunibered and straigbt-chain L ilty acids it) 08 and 9.1". restlctively. I
I ligh levels of 16:1 a,7c (24%) and 18 :11#0s:c (241"j. wei e hIitrcrisli c tiI this orgais151. .

Monoenoic fatty acids represented 62% (-VFA) mdI( 601/0 1 + VFA) of lte total. Neither
10-met~hyl nodr cyclopropyl FAME wcrc doctecti.

Ietifo'ibrith ~erifDlphim grouvii 41m pyruivate had 1144 detectable mnsaturated atty acids. Odhd-
numbered and brainched-chain i lliy acds picome111 etf (51 aod 87",, respect vely) Ii this

d% AUV1
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sp. Iics ill coiinion mug fie tithe ol pmtii11 I stiit- lo 1.1 i % .1k 141'. Ikiif,,s ,hti,5.6/I0 uid allleA117 0il
'hfilced1 l uit i 110. . m1i1,111 Its c ('ilift!ciIm "le11 11% l teet~ll tm

file ( 'ami/1 ' dw(Ifr-like si'111iliitg Iimii l 75* %%hichI Ait fifirlled eieilli ill ill a%5 ;o%
cleciiii auecillon . s giiss1 illo 111111,.11t It 11;1(l i tu ih,.tia1411 411 iiedmilimiailily evenl-
nim~ilvered (98",, mid strirliclai ('19,"J latlY acids I live niaia 01itY acids weie 16:le

IP I shows araphlic I Cepiei;tui of l Ill t 11le of giiiiestiis C X.rmutned it-iseu on1 1Ilie pie eiitaigc
11i1salmtilli .11d lciceitargC hiitiiC1iiii mi their 1:tt1 .n y ai% ( ?e l ii sis IivngI innil holgy (tf
morph~licalgld I d 111 , iolo ii i i prai ee l s liC I lie /)c(/'uto 4g- r ,lip I ;a c gotipied . Thle
sulphmr -redue in g Iuac i. d I!) nhrn,'i, Id I ie qplili ii I c ircil wi ilui ik cii iiiues Ia
d isotihil thlem fi room hei mulplimiIC- ret Iniug bactIeria. No oh Iie i holgy ol c ha racters inl file
suilphur rcdutcers is imiplied,

M) StISSih)N

All Ilife srainis e samicil couild lie ulleutmimtedl h li ilu respective distribuations of'
plio-phuipid eslcr-Iirikcd lal Iv acids

Thec Ik-i/liicir slip. exibilited homiology of' faiI at aid hionirkets II igli levels tif

cyclopropliand I tIMe I(i:111Fl y acids wt e buse, vel willo lay gelv .1ii ceCm-iiiariiheied. si r'ligil -
chainl la.-Iy acid tlislrihiil iii al Icr growth on aieelite. -I Iis is ill agiecuiest withi Taylor & Parkes

I R).wnic~iine Mv als avids of Ic~f'''' sp lai ll O uit ptolile flor 3ace a( :lso

iincluided low level, ol I tN'l 7:Alt and IlICel .0 If 1.1i b1C 2). Ilfiese s111iaiii;l tfiIl Iv cids. ats well as
IOlMe I5 I. were ailsuo Iciid inl of lie r Pei oIbtssnicr rpp. Noi tlie gene ia i 'li diid 1 f-me I hlyl)
hitty acids. K roiiimciife & KUii711cir (I') 1 omwed OvltI Il-nci illys acids occur iii
aci fnmiyes afill ilerrease ;1% at( tcit Iii (i aIge; Iiwe ver. it ifIi ke v: DtIstg'I lateIr slip.. I (Mc 7:0(
and IOfMc 1R :0 (cisd toi domuinamte Ii thee lilamneffotis haclci ia,

Some bacterial fiatly acjid prolilcs vary fin cominosifion ;uccordiiig to external stilmli
(temiperiure, plh. nitrogcn sourcc. sailiuiit. etc.: 1.eeiievaier. 1 '1761. Ini order to use spccilic
Ci fy ac idi 1-ioma rk ers it) i i Ierprel enit if ome t1clal c ol ult fll it. In ire. mi ic-oi-ol ga ii isms should

e hecxamitied F'or t'all s acid patlerls anld thecir vattatucin tmudemC tdiflet Conditions. Tfaylor &
liarkcs (1983) showed that hill y acid profiles ti %(til stelp~liale-redticing bacteria call hc
iinuticed by cit hon soorce: houvevei, Ii all eases major laily aicid hiotarkers were
idetifiable, WillIi Ilirce scparate 0ultuieS 01* Ih-ui/a/i/si,.s Sp. 31ii1I1) it WINs AlsWti tli1.0 growth (on
propmonate pr(iOuce li odd carhon niibr sI raiigl-chain proflie. C0,11II prodicl -,ii even
carixin numbn er st ra ighllti n profileI a tid latfIm faii a p;roxS~i iaIle i(11a:1 di-f1ri lii Iiou of* odd
-isdevcn carbion stimber atid ol sn a iglil m id hraicmed chaiiis.Ies to igcol e bexplainles
in terms of' tie carhoni souirCes hie Itig used ais fits- ac id cha inli iiiurs. TIhi- %Itudy is coiicerticd
with (iClie iticed va ri In it 1.i I111 acid Ii roli k-s dlie (oI flie prese nec sof prop imiii meaid hra nehed-
c ha in Vola tile Cfolly aicids, 'I lie Ia tt e are f in nid inl sed im mu i id slutdges lby tciiIa Ii e
brea kdown if* braitic licd-clitill amni114 acids. Witlteecl)iniliouilrielcsgoeie by
1Vsodfi ,,,aituptmiit -tyfP viii.s ( W i iIl & l'leiiiig. I ')X I/. n cOneo lic :iclued VFA coild the
nit d i s elctruin donor fly tile so? liita Ie led ice; F ive fifewsn i ildly Ims Mlow ii Illi
itten r t a I iol ofl envi roui e ita d alIa lits iig liti ds; shlid iu coils ide, tIile pulti ia I etlPet oF 1 variety

of1 VF:A lirodfticcdf Ii crmiiieili is luacteiii whiichi may Chliciie file C ft acid dfist i ut ionis of
vaios ~ico-niluitn reelI tigramtid I~ v1 17?sise htesgnut nuuoltic canl he

incorporated as a cliil iillilimor tub Euiihiru/i / httts co aeyids tiu ing gtosvt It uii glulcose lirolm.

givinig rise lo odd-nuunhered ehaitiisI I senis likely tMat the VFA itioi ota ~iulml, ainis 2.c0,
Aclta and 5575 were itself as cllirv ittifuits. hecause all Ol clu vs 1c. displayed ificasesl
pndlponl ic is otufodd eir lio n in i helir an l i aniied I~tI Iat ;cids (seeC I; I lts 2 mid 11 3?lbmil/o/1le ir
sp. Acilit growni ill mediai containing VFA sylillhsi/ed :mileisuil 4: f oi iiitl iiil6il( ( lite



presencetf ilicsc la;tty ;icitls couild iiol lbe ile iciul Id eis o aiiyo tlite VIA beciigused as M

chain inilialor (K anctda. 1977 I
Carbon soterces 61illitenctl liI-iiiCIliyl Lilly) acid'. andi their stiaigl-clin Cipuivafciuis in

similar walys, their f)Iopol4)i w;41 % lowcoctil wheniod t tinfii iet and hiiaiclied VI-A weic
incorporwaled int file giowili mitimi As K iopliciilcdi & K tsiiiei ( 1978) suiggest. tills 1aiiiplies
that lt)MeI6 :0 is loo med by iiciltylaititn .l [Ile I0111 i 11i 1 afn.iter Iitial sythesis o1 a1 111l)0ons '

unsaturated 16-carbotn acid 11 sip, lite lstiiu~ii cciiiiily laikes place ilen it i te esitilied
phospholipid Ii tile itiiibianic l ,kaiiiali &Iaw. 197101

The 'Im vibrio' stiaili AL Ki exlibils b)..i1little Ilionlil and $;Illy acid profile siafilarities to
Desul/odictr stp . litwevC i %I .411 Ac Ko las tillI Il-mitli. llaty acids

Ds's~dA w hnegt-ln tuitt ,el,,th 5575 gpowii 011 acelaic eshlileti a very dilkcrent Lilly acid
distribution coniparcd wit iii hal ll tilie IM-saluhicicr slop. or filie *I-il viiom Ac Kot. Neither
cyclopropyl nor 10I-mne~l Lil ly iwitI% were detected, 'I lie preduiiiainal lly acids were l6:1 wloc. V6V7
18: Iw7c and 16:01. Ihei Iiesence of siibsltaliill aiiiiils of1 iiisalumlaled L*.illy acid in

I)~'suI/v~g,,,,a a d-Ia % ltli fl it,, (2',"J. I )v %WI Iuheilif V m ('118 tEIiIAs (44 "J anid I lie ( 'atiw/I'titr-
like s pirillten (63",,). ais conipated ti lte office il Ill ile-41i inii ll; acleiili. probeably doues ii411
idicateC a phlysioliaca I ie reica k ogica I reli Iiou sli ii N toll 11 toai ly. th ese srec ies al v e ry

dsffleren mtorcover. filie slitogeteas Il'idecmn IuntC1, ithtilel beiiigsi to fle I 'gim ii?
branch of' lte Giram-posiltive bacierili. whereas Deidcsituropua aiid lite stilillton me ( raiii-
negative (Fowler et ill.. I 98 5). lactereit aclially assigited it) Ithe genus ( ai'ry'iuecr ex ItibiIt high
levels of unsattirat ioni (aI lprox iiia lely 51".,). with Itno hi; ;iiiched I'mlIY acids ( Itliser vi ell'. I19801J.
and have fatly acid profiles t hat are sinmalar Ito Olaf ()I tle ( *wnituhthacter-like spiriliiii 5175 4
(although strain 5175 ex hibited somlie branched lai Iy acids). 4

4 ~~Destil,ibtria ti,4'mopu/ilius. unlike otlier Dul)4 t ibriis slop. I 1dlul et ill.. 1985). exhibitled Ito j

detectablec unsaitiraled r'ally acids. hiowes-er. 87",, wci e iso or- atileiso branichied. Sil viiis &

McEl haincy (19'79au. 14 htave slint i IhatI i si aiid aniilso bra nchian g prov ide tile sa ic cIUCeI as I
tmnsatuafaion with rcspect ito iicinialle flidtity. Tlls Could explain why %(title bacteria hlave a [
low degree oh* fatly acid brainchinig %61il1 high onslil .itonl anti tilliers have coiichiely thie
reverse. Thus thc Canptiipshuict -like spirillumn and Ihusdlc'ed'rit etitupluhom miay achieve (ie
same ef7eci by dificienil iiichlianlisilns.

The ratios of unsalutralitiou to branchuing oh lte h'al Iy acids (if' different sulpliide-Ioriiiig
bacteria can be used to disiiingiisli certain physiological anid ta xonomiic grtupis (Fig. I). This
does not apply it) M-Nt11011/1Cagt'ipp~iw iftt'ltD vidahu and tlie stililiter-redticing Stirilbiueli btl( lte
presence or ahsciice ol certa in llty acidls I ab Jle ;)Cl aie bc sed to) sepiaiale thiese Iwo oigailisinls.J '

In this sitidy we have sliiiwi that aiotig file snpieloiin acleria exainied only
mcmlbersro the genius IPe.ulltp~hguwtr (all acetale ill ala/ei s) Conitain thle Lilly acid I tMe 16 II. Ot her -
genera cont-siting I tMe 1(1:11 Il their lal ly acoths inicludeI inihers ol i(lie act inomycclales
(Kroppenstedit & K iii iier. 197K), I lowever, those mieimbers which dot exlibit Ill-miel yl 1*.illy TRL'--
acids have major quanities or I tIWO 18 :4I. le nol tit I ie I 16: (i. Preiinary al~lipits Ito assess
the contribuiii (if these act iottnyceles it) I lie maicrtobiaf ionass Oi inariiie sedinients appear it)
indicate that lhcya aie terresirial oirganisms% that ia ve hicci washed iuito thie Sea. wherie fle),' do liol
contribew to hioniss I tirilliver (I Ct oild1eliow & It li yiics. 1 9811 Ims I lie li eie ci(fI I lWe 16: 1
and cyl 7:0. wilhout high levels tit IliNIX ft. seiims toi li~ive thle poleiitial lo ad as aI hioiiiker
for DesufdA)1acter spp. in nm.inc sulphte-reclucaiig cii vi ronninenis.

The aulhors wotiit like: cis ftiolie 11' 1) Nichol%. A I Klikefl. I Pheulps. A h~tcut and ) 11 ( ickeri tot
discuss ions. 11 fit i tIM provedi Siit Isetti.,,ubtru. th.-ripropihei.1 mi R Cortl H .o it fuor is. I~lt~ ot I o mIt ud..Nter
sp. Attla. C. Ant imi ili is tuirli i.1 It l 4 t ie d lI) hl is h p w ili lite (;( 4 4 S 41.1i.. It e wici PaI.c kard, is i kink cil l.ist
the gentiiis (Imiai l.11 41i lit l (;* KIS c" 111 ghhiier 5)-sicin N I 1 1) Ova% siolvixtoie id b~y Nisa ,iisuI Ac.,ilimiic mid44 as
Space: AdrIuitraitm ao ii ,iiiiihc NMc; 141) as~ Imi ,I te ( I I SS 14p.4411

Rl Il ' I R t

AKAMtATS11. Y' I ASS. I I I 19 I'711 It 1 11.41110 lIisN~ I hI A Noit% u ii t .I) It lI'ip Is Ni4, Itmo~ismt 4j 4~'s
amlkyI o itu~ l Il4*~4Il4 l.1i1 ..'0n '11.4111 , ' 1 4o ' 111 4 q 4 , . ,, . ,. III Ot Ihq*It mtl' idi~ o,
Chlratvi .44 Alr"It 04'/ ,t44 .4. lh ,,f,, 4  4 l,/. 4  I'm ~ .. 1igI4.ii . -hdC4itS %e.iliti, I I At% S Ir. r,-

(Atc-,,n ift 215. led 144 t c Iti 1,1" 1. 444? Jill
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uI.I iiiltt iliniii"ii.1iit liit it h 1t 1inI Iidi,u 1 lici X~~jN~ N IiiiiiT I i tR I K

1kIi f-[ 1.1 o %It film i/ w~i oc I/ /"d e /.to MW )I) ItL i N 14 I' t 1 1'I. 14i1 %~ md ~~l ~ - 1 (ituic I.." We 4. , 4li

lIIIAM It. A & I . KIM' . W & WI % IIt It I I.' 9NO Ii esp flkc v@Ii If,n lime ipplic1u iilih llu o t t c Iht
e l r 01i ajid twc t i umn I, #mr ~i iI CwtiI 1miI ,h'(- Owici hy l -. 1 iC r,IiIt 1. A ,4 %)rii~lifs1 7

I~m 249i~a 252-oor t 144, KANIrrVA,um NI &1"ai ~i~rko iic vii, fl(i978)
II (AMIi. I. I NI h I U. %V . I PI9 AI.') Ii st~ voi''ti l ,1 iumchmc% al1,1 I 1111 laxin ol 01.11 Imreprolem /flt ro-

bd c Niiii I i I 'CI.11 ptit C llollii( w ilbt .tIiih'ii . oyC ic t to--iii. itw 1 8.a)1 4 ci ~ w f~obooi

pziiiumt. It Jd 11 1 1)c Clmn~l (19140 (lii 'h lilcci ijo aly ocIi 'i ic (imaIddun"I I ~ suppemen fi. I 25-I
acid methy14 elsts.ha Jaw -notoi I.,,i lood besi, . ill-It8 loich (if .:rlm. NI P tole76 Jora ofd ii actrical
I9 Ia itiili'iim Pat Off -ol;*m~ forr I'l 0ge 011 'at $r.If R1C %I'-lrttt 5 .26 61

DitIN I~ INt II II M.N I Wis . 1R01. GTA I Aw-S rf~j-N ,,,.ur III flt,, DickuIij Al.e III') 1)

;11141N S & nil ooA.Cr. 1;:1 (19(k NlmX 10u1c1the. KISzrIArv. I .) K . S I IATP & I I;.NI .(It82K

bll t hll if :1iiul Iindtci m dIndt r d rwit r19.42) i li t K Im a ficns h I pt o o in edimeno
.Iompwclw itI ,/ 1?tic ii ii Ih l~cil 129ihs 119 ( Ill clt li .PCII,..I batidi; i:fiti i i i Atilwoingi~ 43,eli I 37

tuiuiiil onr irdrpe and Aimial 18. Scci91tilt Arei hic ti 179aihe 11 7

126.N249 2152 KR N I&SlIC 'J(95 ~COMWzrs. R A & A. IIVZr ( [97 I Rn (19a78)
tARIP1i.I..h luIii KI ow Aiiiis i . )i49691 a ss cral I:~i ccimprian fao ly ofd s~r by11 prmasle spectro-

panid.andbotwco nrmlid iseri andi i Itl, i q feii et/ri met Ii (At. L tpd 2) suple en 2.325.3
aidlt 9'c hl citir). fioumriltiii hii Renlttic I. 599i LILFA R. AJ 11 j:~RV 196 Hiid Il94) bahiin
Ci i'ilpiesunic92insilIiirIpd pc~ lipid coni pmis un iotmioii, io CRCiiJcale
%ii-Nt;l . N h,,.a IAGE Ri,~ i . 265 277 (-SFN vf AaI.fee Vi,rfhwI . 10 2 5 2 .

lIIGN S 94itmit SIII)M 1:m (1%. KIS %&oCIo Litu,. M trL. 1) A . DwliNE 1) 1 .& (17). Isolat198n
i) ( (19 tlsti) II A std) (i nore ond ~ chaind Kin chae rantuali itit fa comiti f-on tann lwcf ittll
inall ac f lnd htrsy Cdrroileis for~iu /)uu,,/ ii . fom li tlo irthn isrOcs JOrna ofI~ic 8a in ilimeril.0

hr~llltn Ar fpeies Kettnle f .Lipi 1119rr 2.; 98 8.79 I2.
lowliR. I 1 1-114.1.IoAN. S:* IrIr& ItK. N..II I 5o1i NCI-CNUrv. ) A & (I.o i toI I & 1967.Rings NIcatio

Doolitt I A l I Clit ANO in 198 Sp 11I'tart, g:mc i1(17Y in cloinpand coill cid numtr by a clms ilicaioan
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